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in most cases, thses books provide both text material and experiments, which permit one to demonstrate 
and explore the concepts that are covered in the book. These books remain among the very few that pro¬ 
vide step-by-step instructions concerning how to learn basic electronic concepts, wire actual circuits, test 
microcomputer interfaces, and program computers based upon the popular 8080-type microprocessor 
chip. We have found that the books are very useful to the electronic novice who desires to join the “elec¬ 
tronics revolution," with minimum time and effort. 

It is our pleasure to introduce this new book which covers interfacing A/D and D/A to microcomputers as 
well as the software that is required to control them. Complete hardware schematic diagrams and complete¬ 
ly assembled program examples have been included. We have not tried to describe ail of the analog/digital 
conversion techniques and how they operate, but rather we have concentrated upon the use of 
anaiog/digital converters, in small computer systems. We have chosen commercially available modules and 
integrated circuits for use in the examples and in the experiments. The topics of data acquisition systems, 
sample-and-hold devices and multiplexer circuits are also covered. The book is aimed at the microcomputer 
user who is interested in interfacing his computer to “real-world" analog signals for data acquisition, con¬ 
trol, display, plotting, etc. 

Our books have been well accepted in the United States and abroad. Selected books are now being 
translated into German, Italian. Chinese, and Japanese. If you are interested in further details concerning 
these translations, contact the series editors. Both domestic and foreign short courses are available in con¬ 
junction with the Extension Division at Virginia Polytechnic institute and State University. Plese write or call 
Dr. Linda Leffel, Continuing Education Center. VPI & SU, Blacksburg, VA 24061. Phone (703) 951-5241. 
Short courses on microcomputer interfacing and microcomputer software development are given by 
Tychon, Inc., Blacksburg, VA 24060. For more information on these courses, write or call Dr. Christopher 
Titus, at Tychon, phone (703) 951-9030. 

We continue to be interested in identifying other authors who could contribute books to this series. If you 
have an interest in writing or publishing such a text, please contact one of the series editors. 
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Preface 


Our purpose in writing this book has been to introduce you to the 
concepts and techniques of interfacing digital computers to analog 
electronic devices. Actually, the ideas presented in this book can 
probably be extended to interfaces and programs for many types of 
computers. We have concentrated upon interfacing analog-to-digital 
and digital-to-analog converters to an 8080/8085-based microcom¬ 
puter. The designs and programs are equally applicable to all of the 
8080-type microcomputers, the 8080A, 8085, Z80, etc. It has not 
been our purpose to detail the inner workings of the analog and 
digital converter modules, but rather, to treat them the way we now 
treat the integrated-circuit digital electronic devices such as those in 
the SN7400 transistor-transistor logic (TTL) family or the CD4000 
complementary metal-oxide semiconductor (CMOS) family. 

You will not learn how to build analog-to-digital or digital-to- 
analog converters in this book. We have chosen, instead, to show 
you how to use the modules and devices that are already commercially 
available. We present many examples of converter interfacing with 
complete hardware schematic diagrams and program listings. Perhaps 
one of these designs will answer one of your needs with little addi¬ 
tional work on your part. If you require something special, we hope 
that you will find that the concepts presented are applicable to your 
work. If so, we have done our job. 

We have assumed that you will be able to condition (amplify, fil¬ 
ter, etc.) your analog signals so that they are compatible with the 
A/D converters that we present in the examples, and that you will 
be able to use the voltages that are output by the D/A converters that 
we have used. The topics of signal conditioning, filters, noise, ground 



loops, and amplifiers are beyond the scope of this book. We are look¬ 
ing forward to presenting thes^ topics in future books. 

If you are interested in the internal operation of A/D and D/A 
converters, there are two good references available which will help 
you understand how they work. These are: 

Analog-Digital Converter Notes, D. H. Sheingold, ed., 

Analog Devices, Inc., Norwood, MA 02062, 1977. 

Data Conversion Handbook, Donald B. Bruck, Hybrid 

Systems Corporation, Burlington, MA 01803, 1974. 

In all of the examples, we have tried to use commercially available 
converter modules or integrated circuits (chips). There are dozens of 
analog/digital module and device manufacturers, some of whom are 
mentioned in the following units or in the appendices. Our choices of 
specific manufacturers, or specific modules, were made at random, but 
with an eye toward presenting those modules which are easy to use 
and which provide a number of interfacing schemes. 

The choice of specific modules does not imply our endorsement 
and it should not be taken to mean that these modules may neces¬ 
sarily be the best ones for your specific applications. 

We have assumed that you have had some experience programming 
microcomputers at the assembly language level, and that you are 
familiar with the 8080’s internal registers and I/O operations. Both 
the memory-mapped and the accumulator I/O techniques will be dis¬ 
cussed, although we tend to favor the accumulator I/O technique be¬ 
cause of its simplicity. You should be familiar with the use of latches 
at output ports, the use of three-state buffers at input ports, and the 
use of various decoder circuits for device address decoding. All of the 
examples and experiments assume the use of an 8080-based micro¬ 
computer with an uninverted, bidirectional data bus. 

The program examples in the text and in the experiments are shown 
in the byte-per-line output that is produced by the Tychon Editor/ 
Assembler (TEA) that was written by Dr. Christopher A. Titus. 
We find that it is much easier to read and interpret than the instruc- 
tion-per-line outputs of other assemblers. Although we favor the octal 
numbering system, along with the Heath Company and others, the 
TEA program can also provide a hexadecimal format. Write to Chris 
if you would like more information about TEA. 

We have found wide acceptance of our books in formal classes as 
well as by individual users, worldwide. Selected books are being 
translated into German, Japanese, French, Italian, Chinese and Ma¬ 
laysian. If you are interested in further details concerning these trans¬ 
lations, or in translating the books into other languages, please con¬ 
tact us. 



The Blacksburg Continuing Education Series^^ continues to ex¬ 
pand with additional titles being added in the past few months. A 
list of the current series is given inside the front cover of this book. 
We continue to be interested in identifying and working with authors 
who think that their book ideas would fit into the Blacksburg Continu¬ 
ing Education Series. If you have an idea that you are interested in 
working on, please contact us here in Blacksburg. 

Many of the concepts that are presented in this book have been 
incorporated into the material taught at seminars that are presented 
by Tychon here in Blacksburg. Three courses are currently being 
taught: Microprocessor Interfacing {628), Introduction to Assembly 
Language Programming for 8080/8085 Processors (685), and Inter¬ 
mediate Assembly Language Programming for 8080/8085 Processors 
(687), If you are interested in these courses, write to The Course 
Director, Tychon, Inc., Box 242, Blacksburg, VA 24060. Courses 
are also provided through the Center for Continuing Education and 
the Extension Division at Virginia Polytechnic Institute and State 
University, Blacksburg, VA. Call Dr. Linda Leffel at (703) 951-6208 
for further information. 

We have received assistance from a number of companies that have 
provided information, technical assistance, and permission to repro¬ 
duce information from their data sheets and books. We would like to 
acknowledge the assistance of AD AC Corporation, Analog Devices, 
Inc,, Burr-Brown Research Corporation, Data Translation, Inc., 
Datel Systems, Inc., National Semiconductor Corporation, Signetics 
Corporation, and Siliconix. 

We also greatly appreciate the efforts of Mr. Murray Gallant, 
president of E&L Instruments, Inc., and his continuing support in 
this writing. 


Jonathan A. Titus, Christopher A. Titus, Peter R. Rony, 
AND David G. Larsen 
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INTRODUCTION TO THIS UNIT 

Most digital-to-analog converters (DACs or D/A converters) may 
be considered to be voltage or current output devices. The output is 
in direct proportion to the value of the digital input, generally in bi¬ 
nary form. In this unit you will see how digital-to-analog converters 
are interfaced to microcomputers and some of the uses to which the 
analog outputs may be put. The D/A converters are treated as mod¬ 
ules and we will consider ourselves to be ignorant of their internal 
operation. Understanding how the converters actually work may be 
important, but we do not believe that it will greatly increase your 
interfacing and software development skills. 

OBJECTIVES 

At the end of this unit you will be able to do the following: 

• Calculate the step-voltage for any n-bit D/A converter having 
an output range of x volts. 

• Describe the operation of a simple 8-bit D/A converter interface. 

• Describe how D/A converters may be used to generate the fol¬ 
lowing types of output: 

Positive and negative ramps (sawtooths) 
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Triangular waves 
Square waves 
Complex waveforms 

• Design an interface for a double-buffered, 10-bit D/A converter. 

• Write software to control two D/A converters for an X Y 
display of a data file. 

Most digital-to-analog converters (DACs or D/A converters) pro¬ 
vide an analog output that is proportional to some type of digital 
input. Typical digital inputs are in binary code and each individual 
input may have only one of two values, a logic 1 or a logic 0. If we 
consider a 4-bit D/A converter with input bits A, B, C and D, which 
have binary weights of 1, 2, 4 and 8, respectively, we find that there 
are 16 possible states from OOOO 2 to IIII 2 , inclusive. Let us assume 
that each binary input will contribute a voltage to the total which is 
proportional to its binary weight. The easiest voltages to use in this 
example are A = 1 volt, B = 2 volts, C = 4 volts and D = 8 volts. 
If a binary 0 is present in a particular column, the corresponding 
voltage is not added to the total. If a binary 1 is present, ttien the 
voltage is added to the total. 

In this 4-bit D/A converter the voltage range will be from zero 
volts to 15 volts, as shown in Table 1-1. 


Table 1-1. Four-Bit D/A Converter With Voltage 
Range From 0 Volts to 15 Volts 


Binary Code Input 

Output Voltage 

D = 8 

c = 4 

B = 2 

A = 1 

(Volts) 

0 

0 

0 

0 


0 

0 

0 

1 


0 

0 

1 

0 


0 

0 

1 

1 


0 

1 

0 

0 


0 

1 

0 

1 

5 

0 

1 

1 

0 

6 

0 

1 

1 

1 

7 

1 

0 

0 

0 

8 

1 

0 

0 

1 

9 

1 

0 

1 

0 


1 

0 

1 

1 


1 

\ 

0 

0 


1 

1 

0 

T 


1 

1 

1 

0 


1 

} 

1 

1 



Most real D/A converters use a series of resistors in an R, 2R, 4R, 
8R, etc., binary weighted combination or in an R-2R ladder-type 
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network. The ladder network of R and 2R values is preferred be¬ 
cause of the ease of manufacture and improved electrical character¬ 
istics. The voltages are switches electronically, but a discussion of 
how this is done is beyond our scope. Current-output D/A con¬ 
verters are also available, their general advantage being fast settling 
time, generally a few hundred nanoseconds. For a further discussion 
of D/A converters and factors such as linearity, offset, and resolution 
we recommend the references mentioned in the introduction. These 
and other technical terms are defined in Appendix 1. 

Digital-to-analog converters usually have transistor-transistor logic 
(TTL) compatible inputs which make them very easy to interface to 
the standard 7400-series logic and most microprocessor or micro¬ 
computer intergrated circuits. Some of the newer D/A converters are 
available with complementary metal-oxide-semiconductor (CMOS) 
or emitter-coupled-logic (ECL) compatible inputs. Although straight¬ 
binary coded D/A converters will be used in all of our examples and 
in the experiments, converters do come with other types of coded 
inputs. The types generally available are: 

• Two’s Complement 

• Complementary Binary 

• Complementary Offset Binary 

• Offset Binary 

• Binary Coded Decimal (BCD) 

These codes may be useful in some applications but we have found 
that the binary-coded converters are the ones most widely used in 
microcomputer interfacing. Voltage outputs of 0-10 volts, 0-5 volts, 
±2.5 volts, ±5 volts and ±10 volts are common. In short, the variety 
of D/A converters is so great that you can probably find one that 
wiU answer your specific needs. For nonstandard ranges, an opera¬ 
tional amplifier with the necessary gain may be used to “customize” 
the output voltage to your needs. Few people design and build their 
own D/A converters because of the wide variety available. Con¬ 
verters with digital inputs of 8, 10, 12 and 14 binary bits are common 
with prices ranging from about $15 to several hundred dollars. 

D/A CONVERTER OUTPUTS 

When a parallel digital input is presented to a D/A converter, the 
converter will respond by outputting a corresponding voltage that 
is proportional to the value of the digital input. How can we deter¬ 
mine what the output voltage will be for a given n-bit D/A converter 
with a range of x volts? 

We will start by using a D/A converter with eight inputs coded in 
straight binary and with an output voltage range of 0 to 1 volt. The 
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Table 1-2. Output Voltages for Various Binary Inputs 
on a 0- to 1-Volt Scale D/A Converter 


Binary Input 

Output Voltage (Volts) 

OOOOQOOO 

00000001 

00000010 

00000011 

OOOOOlOO 

0.00390625 

0.00781250 

0.01171875 

0.01562500 

0.01953125 



in non 

11111100 

11111101 

nniiio 

11111111 

0.98046875 

0.98437500 

0.98828125 

0.99218750 

0.99609375 


eight bits, n, provide 256 values from 0 to 255. The output can be 
divided into 256 individual steps of 0.00390 volt, or 3.9 millivolts 
per step. We can now determine the voltage output by the D/A con¬ 
verter for any input value, X: 

Vout = Output Voltage = (1-volt full scale) • (X/256) 
or the following formula may be used: 

Vout = Output Voltage = (X steps) • (0.00390 volt/step) 

Some of the output voltages by the 0- to 1-volt full scale D/A 
converter are shown in Table 1-2. 

It is important to note that while the D/A converter used in this 
example has a specified range from 0 to 1 volt, the analog output 
does not actually reach one volt. The reason for this becomes ap¬ 
parent if we examine the “weights” or voltages assigned to each of 
the eight bits. Since we are using the binary numbering system, each 
bit is an integral power of two. Thus when we go from the most 
significant bit (MSB), or the left-most bit, to the least significant bit 
(LSB), or the right-most bit, each bit position will have a weight that 
is one-half that of its left nei^bor and twice that of its right neighbor. 
Let us now consider the actual voltage weights assigned to the bits: 

Full-Scale Voltage = 1 Volt 
Least Significant Bit 0.00390625 = %56 volt 

0.00781250 = 1/128 volt 

0.01562500 = %4 volt 

0.03125000 = y 32 volt 

0.06250000 = Vie volt 

0.12500000 = y8 volt 

0.25000000 = 1/4 volt 

Most Significant Bit 0.50000000 = % volt 
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GENERATING ANALOG OUTPUTS 

The D/A converter modules will quickly convert the binary value 
applied at the inputs to a voltage, but these inputs must be maintained 
for as long as the output voltage is required. If we attempt to inter¬ 
face a D/A converter to a microcomputer system simply by connecting 
the 8-bit data bus to the eight D/A converter inputs, we would ob¬ 
serve a constantly changing voltage output by the D/A converter. The 
various output voltages would be caused by the many different 8-bit 
values presented to the D/A converter’s inputs as the microcomputer 
uses the bus to transfer data and instructions. It is not only necessary 
to present the data to the D/A converter’s inputs, but it must also be 
held or captured for as long as it is needed. A simple latch circuit 
may be used to capture the data from the data source, usually the 
microcomputer’s data bus. Digital-to-analog converters generally re¬ 
quire little more than latches and device decoding circuitry, plus the 
converter itself, for a complete interface. 


+ 5V GND +I5V 



Fig. 1-1. Interfacing a Datel DAC-98BI D/A converter to an 8080-based microcomputer 

using a latch circuit. 

A typical D/A converter interface is shown in Fig. 1-1. A Datel 
Systems, Incorporated DAC-98BI module is used as the 8-bit D/A 
converter. The DAC-89BI has a current output, so circuitry has been 
added to provide a Q- to 1-volt output range. 
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For more information about device decoding and device addressing 
such as that used in Fig. 1-1 to activate the latch, we refer you to 
Introductory Experiments in Digital Electronics and 8080A Micro¬ 
computer Programming and Interfacing, Book 2, Unit No. 17. 

There are many uses for the analog outputs generated by com¬ 
puters using circuits similar to the one shown in Fig. 1-1. Some of 
these are listed below: 

• Drive a servo motor 

• Drive a strip-chart recorder 

• Control a voltage-to-frequency converter 

• Control a programmable power supply 

• Drive an analog meter 

In some applications, it is necessary to produce a linearly increasing 
voltage ramp to be used to control a test process, move a recorder 
pen, or move an oscilloscope beam. In the following example we will 
use the D/A converter to generate a linear ramp. 

GENERATING A VOLTAGE RAMP 

The voltage ramp output by a D/A converter is probably the 
simplest output that may be generated using fairly simple software. 
Even with a limited number of 8080 instructions in your software 
vocabulary, you can probably suggest a method of generating the 
linearly increasing binary values which are to be output to the D/A 
converter. In this example we will use the D/A converter which has 
been interfaced to the 8080-based computer, as shown in Fig, 1-1. 
An OUT 027 instruction transfers the contents of the 8080’s A register 
to the D/A converter’s latch circuit. 

One of the easiest techniques that we can use to generate a ramp 
output uses one of the register increment instructions. A typical ramp 
is shown in Fig. 1-2. 



Fig. 1-2. Typical ramp waveform. 


By incrementing the value in one of the 8080’s registers and then 
latching it in the D/A converter’s latch circuit, the 256 steps may 
be generated in about 3.2 milliseconds (this assumes an 8080 clock 
rate of 500 nanoseconds). The time period of each ramp and thus 
the slope may be slowed down by introducing a time delay subrou- 
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tine into the ramp generation software. The software in Example 1-1 
shows the steps necessary to generate the ramp, while the software 
in Example 1-2 shows how a time delay may be introduced by using a 
call to a time delay subroutine. The time delay subroutine may be a 
series of no-operation instructions (NOPs) or it may be a more com¬ 
plex, programmable time delay, which may answer many needs. In 


this second example, a general-purpose time delay subroutine has 
been written and assembled. 



/EXAMPLE 1-1 



/TYPICAL 

SOFTWARE FOR A POSITIVE RAMP OUTPUT 



*003 000 


003 000 074 

START, 

INRA 

/INCREMENT THE CONTENTS OF A 

003 001 323 


OUT 

/OUTPUT IT TO THE DAC 

003 002 027 


027 

/DACS DEVICE CODE 

003 003 303 


JMP 

/KEEP DOING IT AGAIN AND AGAIN 

003 004 000 


START 


003 005 003 


0 




/EXAMPLE 

1-2 



/POSITIVE 

RAMP OUTPUT SOFTWARE WITH TIME DELAY 



*003 000 


003 000 061 


LXISP 

/LOAD A STACK ADDRESS SO THAT SUBROUTINES 

003 001 377 


377 

/MAY BE USED 

003 002 003 


003 


003 003 074 

LOOP, 

INRA 

/INCREMENT A 

003 004 323 


OUT 

/OUTPUT IT TO DAC 

003 005 027 


027 


003 006 315 


CALL 

/CALL THE TIME DELAY SUBROUTINE 

003 007 014 


DELAY 


003 010 003 


0 


003 on 303 


JMP 

/DO IT AGAIN 

003 012 003 


LOOP 


003 013 003 


0 




/THIS IS THE DELAY SUBROUTINE 

003 014 365 

DELAY, 

PUSHPSW 

/SAVE REG A & FLAGS 

003 015 325 


PUSHD 

/SAVE D&E 

003 016 021 


LXID 

/LOAD THE TIMING BYTES 

003 017 065 


065 

/065 TO REGISTER E 

003 020 001 


001 

/OOl TO REGISTER D 

003 021 033 

DEC, 

DCXD 

/DECREMENT REG PAIR D 

003 022 172 


MOVAD 


003 023 263 


ORAE 

/IF D OR E IS NON-ZERO, WE 

003 024 302 


JNZ 

/DECREMENT THE PAIR AGAIN 

003 025 021 


DEC 


003 026 003 


0 


003 027 321 


POPD 

/ GET REG VALUES BACK 

003 030 361 


POPPSW 

/RESTORE A & FLAGS, TOO 

003 031 311 


RET 

/RETURN 
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j_*_ 

0.0039 V 


Fig. I'tS. Expanded linear output of D/A 
voltage converter. 



It is important to remember that the D/A converter is still gen¬ 
erating discreet voltage step outputs of 0.0039 volt, so that when the 
linear output is expanded it appears as shown in Fig. 1-3. 

The time period, t, depends upon how fast we want to have the 
computer output the analog information. The time delay subroutine 
shown in Example 1-2 could be used to increase the time period, t, 
to several seconds. Filtering or integrating the voltage may be useful 
if the step function is not acceptable and a more linear output is 
necessary. In most applications, the output is left unfiltered, although 
amplification may be used to increase the range to 0 to 10 volts or 
perhaps to a range of 0 to 2.35 volts for a specific application. 

In some applications, a negative ramp may be needed that decreases 
from a high potential to a low potential. This may be accomplished by 
adding an inverting, unity-gain amplifier and some additional com¬ 
ponents to the D/A converter interface, thus providing a hardware 
solution. In our case, it is more reasonable, however, to change the 
software to decrement the register, thus causing the output to the D/A 
converter to decrease in value. This is the software solution. The 
software for the negative ramp is shown in Example 1-3. 


/EXAMPLE 1-3 

/TYPICAL SOFTWARE FOR A NEGATIVE RAMP OUTPUT 


*003 000 

003 000 075 START, DCRA 


003 001 323 OUT 

003 002 027 027 

003 003 303 JMP 

003 004 000 START 

003 005 003 0 


/DECREMENT THE CONTENTS OF A 
/OUTPUT IT TO THE DAC 

/KEEP GOING 


Of course, the additional call to the time delay subroutine could have 
been added, but we have not shown it in this example. 

You should note that when one of the 8080’s 8-bit, internal regis¬ 
ters contains 377, or 111111II 2 , and is incremented, it becomes 000, 
or OOOOOOOO 2 . Thus, the largest value becomes the smallest value in 
one step to start the ramp at the “bottom” again. Likewise, when 000, 
or OOOOOOOO 2 , is decremented it becomes 377, or 11111111, the 
smallest value becoming the largest value, again in a single step. No 
additional software is necessary to reinitialize the register to these 
starting values. 
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COMPLEX RAMP OUTPUTS 


There may be applications in which a complete sweep, /.e., from 
minimum to maximum value, of the ramp’s output is not needed. For 
example, suppose that we have interfaced a D/A converter to our 
computer and that the converter’s output ranges from 0 to 10 volts 
full scale. Our application requires that the output sweep between a 
specific low voltage limit and a specific high voltage limit. In this 
example, we will set the lower limit at 2.0 volts and the higher limit 
at 8.0 volts. Using the full 0- to 10-volt range, we could use opera¬ 
tional amplifiers to attenuate the output range and to offset it, too. 
We will use software instead. 

This is a typical “hardware/software tradeoff.” If an operational 
amplifier scheme is used, more hardware is added to the system and 
it becomes more difficult to change the high and low limits than if 
software is used. The hardware solution still has merit, though, since 
it will compress the 256 voltage points into smaller increments when 
output through the added operational amplifiers. This means that the 
2.0- to 8.0-volt range will be divided into 256 points or steps. The 
software solution will result in the usual 0.0039 volt steps for a 0- to 
1-volt D/A converter or 0.039 volt steps for a 0- to 10-volt D/A 
converter. 

The first task in solving this problem is to determine the binary 
values of the limiting voltages. This may be done empirically by 
breadboarding a D/A converter and slowly increasing the binary 
inputs and noting their values when the D/A converter’s output 
reaches 2.0 and 8.0 volts. The limits may also be calculated as follows: 

10 Volts Full Scale Output nMnn iw ^ 

-256St^- ^ ™H/SKP 

and 


2.0 Volts 
0.0390 volt/step 


= 51.3 steps 


It is, of course, impossible to have fractional steps. The only steps 
that are allowed are those with integral values between 0 and 255. 
We must decide if we want the lower limit to be 51 steps (1.989 
volts) or 52 steps (2.028 volts). In this case the 1.989-volt value is 
acceptable as the lower limit. In a similar way we determine that the 
upper voltage limit is represented by 205 steps. 

The software shown in Example 1-4 will start at the lower limit 
and increase the voltage output by the D/A converter to the upper 
limit of 8.0 volts in discreet 39-millivolt steps. 
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Table 1-3. Upper and Lower Voltage Limits and 
Their Binary, Octal, and Hexadecimal Equivalents 


Voltage 

Steps 

Binary 

Octal 

Hex 

2.0 (1.989) 


oolioon 

063 


8.0 (7.995) 


noon 01 

315 



/EXAMPLE 1-4 

/RAMP OUTPUT WITH UPPER & LOWER LIMITS 


*003 000 


003 000 076 

START, 

MVIA 

/LOAD REG A WITH STARTING VALUE 

003 001 063 


063 

/063 = 051 DECIMAL = 2.0 VOLTS 

003 002 323 

LOOP, 

OUT 

/OUTPUT IT TO THE DAC 

003 003 027 


027 


003 004 074 


INRA 

/INCREMENT THE VALUE 

003 005 000 


NOP 

/THREE NOP'S LEFT FOR ADDITION OF 

003 006 OOO 


NOP 

/A CALL TO A TIME DELAY 

003 007 000 


NOP 


003 010 376 


CPI 

/COAAPARE THE VALUE TO THE UPPER LIMIT 

003 on 315 


315 

/315 = 205 DECIAAAL = 8.0 VOLTS 

003 012 302 


JNZ 

/IF NOT EQUAL, DO THE LOOP AGAIN 

003 013 002 


LOOP 


003 014 003 


0 


003 015 303 


JMP 

/IF EQUAL, REINITIALIZE AND DO IT 

003 016 000 


START 

/AGAIN 

003 017 003 


0 


The software shown in 

Example 1-4 will cause the D/A converter 


to output a maximum voltage which is within 39 millivolts of the 
upper limit. This occurs since the comparison between the limit value 
and the actual register value is performed after the register is incre¬ 
mented, but before the value is output to the D/A converter. If the 
D/A converter’s output is to actually reach the upper limit, the com¬ 
parison value must be changed from 315 to 316. 

This simple program may be used to cycle a ramp between any 
two voltages that are within the range of the D/A converter’s output 
voltage. The ramp may also be a negative-going one by using the 
decrement instruction, comparing the register value to the lower limit 
and when it is reached, resetting the register to the upper limit. 

The slope of the output is determined by the time required for 
the computer to execute all of the instructions. Three no-operation 
instructions (NOP=000) are provided in Example 1-4 so that a 
call to a time delay subroutine may be inserted. For optimum speed, 
the NOPs should be removed and the program condensed. 

The time delay subroutine could be a more complex program than 
a simple time delay loop. A flag, interrupt, or other stimulus could 
govern whether or not the computer proceeds to the next step. Soft- 
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ware could also be added to wait for an external event to take place 
before starting another ramp cycle. 

TRIANGULAR WAVE OUTPUT 

The previous software examples for ramp generation could serve 
as the basis for additional software which permits the D/A con¬ 
verter to generate a triangular wave output. In this example, a com¬ 
plete 0- to 10-volt full scale triangular wave output will be assumed. 
The first attempt at a program that will output this type of a wave¬ 
form is shown in Example 1-5. 


/EXAMPLE 1-5 

/TRIANGULAR WAVE OUTPUT PROGRAM #1 
*003 000 


003 

000 

257 


XRAA 

003 

001 

074 

UP, 

INRA 

003 

002 

323 


OUT 

003 

003 

027 


027 

■003 

004 

302 


JNZ 

003 

005 

001 


UP 

003 

006 

003 


0 

003 

007 

075 

DOWN, 

DCRA 

003 

010 

323 


OUT 

003 

on 

027 


027 

003 

012 

302 


JNZ 

003 

013 

007 


DOWN 

003 

014 

003 


0 

003 

015 

303 


JMP 

003 

016 

001 


UP 

003 

017 

003 


0 


/CLEAR REG A 
/increment REG A 
/OUTPUT IT TO THE DAC 

/IF STILL NON-ZERO, KEEP GOING 


/DECREMENT REG A 
/OUTPUT IT TO THE DAC 

/IS IT = 0? 

/NO, GO DOWN ONE MORE 
/YES, START UP AGAIN 


If we attempt to run this program, a “glitch” is observed at the apex 
of the triangle. The glitch is caused by the program. After increment¬ 
ing the count register to its maximum value of 377, the software must 
again increment it to 000 and output it to the D/A converter before 
the JNZ instruction is used to test the value. 

When the value 000 is reached, the JNZ instruction is “ignored” 
and the DOWN section starjs its execution. The illustration in Fig. 
1-4 shows what the D/A converter’s output would look like when 
executing the software from Example 1-5. These examples assume 
an ideal output from the D/A converter. 

The glitch may be removed by simply reversing the position of the 
INRA and the OUT 027 instructions. The modified software, shown 
in Example 1-6, will produce a reasonable triangular wave output. 
This new program, Triangular Wave Output Program #2, now 
checks the incremented value prior to the output instruction, pre- 
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Fig. 1-4. d/a converter output when software from Example 1-5 is executed. 


venting the output of the sequence of values 377, 000, 377 generatec 
in the first program. Example 1-5. 


/EXAAAPLE 1-6 

/TRIANGULAR WAVE OUTPUT PROGRAM #2 
*003 000 


003 

000 

257 


XRAA 

/CLEAR REG A 

003 

001 

323 

UP, 

OUT 

/OUTPUT VALUE IN REG A TO DAC 

003 

002 

027 


027 


003 

003 

074 


INRA 

/INCREMENT REG A 

003 

004 

302 


JNZ 

/IF NOT ZERO, GO UP AGAIN 

003 

005 

001 


UP 


003 

006 

003 


0 


003 

007 

075 

DOWN, 

DCRA 

/DECREMENT REG A 

003 

010 

323 


OUT 

/OUTPUT IT TO THE DAC 

003 

oil 

027 


027 


003 

012 

302 


JNZ 

/IF NOT ZERO, GO DOWN AGAIN 

003 

013 

007 


DOWN 


003 

014 

003 


0 


003 

015 

303 


JMP 

/IF ZERO, GO UP 

003 

016 

001 


UP 


003 

017 

003 


0 



There is, however, another problem with this second program. The 
high value of 377 and the low value of 000 are both output to the 
D/A converter twice in succession, giving the triangular output a 
plateau at the high and low points. These plateaus, illustrated in Fig. 
1-5, are twice as long as the other voltage steps generated by the 
software. 

This problem, too, is caused by the software. After the value 377 is 
output to the D/A converter by the OUT 027 instruction in the UP 
software loop, the accumulator, or A register, is incremented to 000, 
checked by the JNZ instruction and then decremented back to 377. 
This value is then output in the DOWN section of the program. Thus, 
the value 377 has been output to the D/A converter twice. Clearly 
some modification must be made in the software to correct this. 

The software shown in Example 1-7 has some additional incre¬ 
ment and decrement instructions to eliminate the “double output” of 
the values 377 and 000. This program provides “glitchless” output 
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Fig. 1-5. Triangular output with high and low plateaus. 


of a triangular wave. It should be noted that there are probably a 
number of other software solutions to this problem. 


/EXAMPLE 1-7 

/TRIANGULAR WAVE OUTPUT PROGRAM #3 
*003 000 


003 000 

323 

UP, OUT 

/OUTPUT REG A TO DAC 

003 001 

027 

027 


003 002 

074 

INRA 

/INCREMENT REG A 

003 003 

302 

JNZ 

/IF NOT ZERO, GO UP AGAIN 

003 004 

000 

UP 


003 005 

003 

0 


003 006 

075 

DCRA 

/IF ZERO, DECREMENT IT TO 377 

003 007 

075 

DOWN, DCRA 

/DECREMENT IT AGAIN 

003 010 

323 

OUT 

/OUTPUT IT TO DAC 

003 on 

027 

027 


003 012 

302 

JNZ 

/IF NOT ZERO, GO DOWN AGAIN 

003 013 

007 

DOWN 


003 014 

003 

0 


003 015 

074 

INRA 

/IF ZERO, INCREMENT IT TO 001 

003 016 

303 

JMP 

/GO BACK UP AGAIN 

003 017 

000 

UP 


003 020 

003 

0 



The triangular wave output by the software shown in Example 1-7 
has equal positive and negative ramp periods since the two software 
loops, UP and DOWN, contain the same number of instructions with 
equal execution times. For nonsymmetrical outputs where slopes are 
to be different, NOP instructions or calls to time delay subroutines 
could be easily added to the program. For example, if 11 NOP in¬ 
structions are added to the DOWN loop between the OUT 027 and 
the JNZ instruction, the ratio of positive ramp period to negative ramp 
period is approximately 3 to 7. 


SQUARE WAVES AND OTHER OUTPUTS 

Square waves are generated easily by using a D/A converter and 
software to alternate between a low and a high voltage. The periods 
and frequencies may be determined in the software with either NOP 



instructions or calls to time delay subroutines. A typical example of i 
square wave output program is shown in Example 1-8. 

/EXAMPLE 1-8 

/TYPICAL SQUARE WAVE OUTPUT PROGRAM 


*003 000 


003 

000 

076 

START, 

MVIA 

/LOAD REG A WITH LOWER LIMIT 

003 

001 

023 


023 


003 

002 

323 


OUT 

/OUTPUT IT TO THE DAC 

003 

003 

027 


027 


003 

004 

315 


CALL 

/DO A TIME DELAY ROUTINE 

003 

005 

021 


DELAY 


003 

006 

003 


0 


003 

007 

076 


MVIA 

/LOAD REG A WITH UPPER LIMIT 

003 

010 

307 


307 


003 

on 

323 


OUT 

/OUTPUT IT TO THE DAC 

003 

012 

027 


027 


003 

013 

315 


CALL 

/DO ANOTHER DELAY LIKE THE ONE 

003 

014 

021 


DELAY 

/SHOWN IN EXAMPLE 1-2 

003 

015 

003 


0 


003 

016 

303 


JMP 

/DO IT AGAIN 

003 

017 

000 


START 


003 

020 

003 


0 


003 

021 

000 

DELAY, 

0 

/DELAY SUBROUTINE IS LOCATED HERE 


By changing the software to use two different time delay sub¬ 
routines, rectangular wave outputs may be generated. Pulses may alsc 
be generated by using a very short time delay program for the pulse 
and a much longer time delay program for the interval between pulses 
Depending upon the frequency of the 8080 microprocessor chip’! 
crystal clock, very short pulses may be generated. Example 1-9 show: 
the software which may be used to generate a 20-microsecond-long 
10-volt pulse with a repetition rate of about 10 milliseconds. 


/EXAMPLE 1-9 

/TYPICAL PULSE OUTPUT PROGRAM USING A DAC 


*003 000 


003 000 076 

LOOP, MVIA 

/LOAD REG A WITH HIGHEST VALUE 

003 001 377 

377 


003 002 323 

OUT 

/OUTPUT IT TO THE DAC 

003 003 027 

027 


003 004 076 

MVIA 

/LOAD REG A WITH LOWEST VALUE 

003 005 000 

000 


003 006 323 

OUT 

/OUTPUT IT TO THE DAC 

003 007 027 

027 


003 010 315 

CALL 

/CALL A DELAY ROUTINE 

003 011 016 

DELAY 


003 012 003 

0 


003 013 303 

JMP 

/GO BACK AND DO IT AGAIN 
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003 014 000 LOOP 

003 015 003 0 

003 016 000 DELAY, 0 /lO MILLISECOND DELAY MAY BE PLACED 

003 017 000 0 /HERE, SEE EXAMPLE 1-2. 

Complex waveforms may be generated by treating the square wave, 
the triangular wave and the ramp output software as subroutines. 
Linking these subroutines together with a series of call instructions 
and perhaps calls to time delay subroutines will produce complex 
outputs. These outputs are generally difficult to generate with standard 
test equipment and they may be useful for testing or cycling power 
supplies, electromechanical devices, etc. While the output may be 
slow, since it is limited by the execution speed of the 8080’s instruc¬ 
tions, it would be difficult to generate these complex outputs in other 
ways. 


DATA DISPLAYS AND OUTPUTS 

Many applications require that the computer be used to output a 
file of data for later evaluation. The data can take two forms: a list 
or numeric printout of the data or a graphic representation presented 
on a chart, drawing, etc. In many cases it wiU be much easier to dis¬ 
tinguish trends and changes in the values that have been stored in 
the computer if the graphical output is chosen. The graph may be 
output to an oscilloscope, an X-Y plotter, or a strip-chart recorder. 
The example in Fig. 1-6 illustrates the difference between the numeric 
output and the graphic output. 

Our next task will be to develop a program to output some data in 
graphic form. A file of 8-bit binary words or bytes will be set up in 
the computer’s memory between addresses 007 000 and 007 143, 
inclusive. This will provide us with lOOio points to display in some 
way. A strip-chart recorder is available which is compatible with the 
voltage output of the 8-bit D/A converter previously interfaced to 
our 8080 microcomputer. The data points are to be output once and 
since the computer will be able to output all 100 data points much 
faster than the strip-chart’s servo motor can respond, a delay of 100 
milliseconds will be inserted into the software between the output of 
each point. The output of all 100 points will take 10 seconds. 

To use a file of data stored in the 8080’s memory, address pointers 
must be set up in the H and L registers (register pair H) to provide 
the 16-bit address necessary to point to locations 007 000 through 
007 143. We will also need to have access to a subroutine that pro¬ 
vides the 100 millisecond delay. Although important in some applica¬ 
tions, we will ignore the time necessary to actually get the data from 
the memory and output it to the D/A converter. This will cause the 
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Fig. 1-6. Difference between numeric out¬ 
put and graphic output. 
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012 

017 

027 

059 

095 

087 

076 

044 

041 

034 

019 

017 

015 

014 


real time between points to be somewhat longer than 100 milliseconds, 
but by a negligible amount. A counter register is also needed to keep 
track of the number of points that have been output so that the pro¬ 
gram will stop when all 100 of the points have been plotted. Since 
subroutines are to be used, a stack area must be set up in read/write 
memory. It is a good idea to locate the stack in an area of read/write 
memory distant from that used for program and data storage. A flow¬ 
chart of the 100-point output software is provided in Fig. 1-7. 

The software for the 100-point plot program is provided in Ex¬ 
ample 1-10 in its fully assembled form: 



Fig. 1-7. Flowchart for a lOO-point data dis¬ 
play program or plotting program that uses 
an 8-bit D/A converter. 
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/EXAMPLE MO 

/ONE HUNDRED PO»NT DISPLAY SOFTWARE 


*003 000 


003 000 061 


LXISP 

/LOAD A STACK POINTER 

003 001 377 


377 


003 002 003 


003 


003 003 041 

DISPLA, 

LXIH 

/LOAD A POINT COUNT 

003 004 OOO 


DATA! 

/OF THE DATA STORAGE AREA 

003 005 007 


0 


003 006 006 


MVIB 

/LOAD A POINT COUNT 

003 007 144 


144 

h44 = 100 DECIMAL 

003 010 176 

LOOP/ 

MOVAM 

/GET AN 8-BIT DATA POINT 

003 on 323 


OUT 

/OUTPUT IT 

003 012 027 


027 


003 013 043 


INXH 

/INCR THE ADDR 

003 014 005 


DCRB 

/DECREMENT POINT COUNT 

003 015 312 


JZ 

/IF DONE, GET OUT OF THE LOOP 

003 016 026 


DONE 


003 017 003 


0 


003 020 315 


CALL 

/IF NOT DONE, DO A 100-MILLI- 

003 021 027 


HUNMIL 

/SECOND DELAY 

003 022 003 


0 


003 023 303 


JMP 

/DO THE NEXT POINT 

003 024 010 


LOOP 


003 025 003 


0 


003 026 166 

DONE, 

HLT 

/WHEN FINISHED DISPLAYING, HALT 

003 027 OOO 

HUNMIL, 

0 

/100 MSEC DELAY SOFTWARE MAY BE ADDED 

003 030 000 


0 

/HERE. SEE EXAMPLE 1-2 FOR A TYPICAL 

003 031 OOO 


0 

/TIME DELAY SUBROUTINE 



*007 000 


007 000 000 

DATAl, 

0 

/DATA STARTS HERE FOR 100 ADDRESSES 


This program will output the 100-point data file in approximately 10 
seconds, or 0.1 seconds per point. The 8080’s B register or any other 
unused register may be used to count the 100 points, but is this really 
necessary? We certainly need a counter, but the L register is already 
being used as a counter since it is incremented in each loop through 
the software. It will increase from 000 to 143 during the course of the 
program. 

The L register may be used to perform two tasks: (1) to provide 
the low address of the data points and (2) to provide an increasing 
point count. By comparing the value contained in the L register to 
1448 we can determine when the file output has been completed. 
Remember that the 8080’s comparison instructions do not alter either 
of the two data bytes being compared. 

In this example, the contents of the L register will be transferred to 
the A register and then compared to a data byte in a compare- 
immediate (CPI) instruction. There is no need to transfer the value 
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in the A register back to the L register since the data is copied during 
register-register transfers. 

In the software in Example 1-11, the L register is used as the 
counter and as the low address value, thus permitting us to save the 
B register for future use. 




/EXAMPIE Ml 



/IMPROVED lOO-POINT DISPLAY SOFTWARE 



/SHOWING ONLY THE MAIN PROGRAM 



*003 000 


003 000 

061 

LXISP 


003 001 

377 

377 


003 002 

003 

003 


003 003 

041 

DISPLA, LXIH 


003 004 

000 

DATA! 


003 005 

007 

0 


003 006 

176 

LOOP, MOVAM 


003 007 

323 

OUT 


003 010 

027 

027 


003 on 

043 

INXH 

/INCREMENT MEMORY ADDRESS 

003 012 

175 

MOVAL 

/MOVE CONTENTS OF REG L TO REG A 

003 013 

376 

CPI 

/COMPARE IT TO 

003 014 

144 

144 

/144 = 100 DECIMAL 

003 015 

312 

J2 

/IF ALL POINTS DISPLAYED 

003 016 

026 

DONE 

/WE'RE DONE 

003 017 

003 

0 


003 020 

315 

CALL 


003 021 

027 

HUNMIL 


003 022 

003 

0 


003 023 

303 

JMP 


003 024 

006 

LOOP 


003 025 

003 

0 



HIGH SPEED CRT DISPLAYS WITH D/A CONVERTERS 


In the previous example, the data stored in the 100-point, 8-bit 
data file was output only once, at low speed. There are many appli¬ 
cations where we may wish to output the data very quickly and often 
more than a single time. This is the case when a cathode ray tube or 
oscilloscope is to be used to display the data. 

By removing the three-byte call to the 100-millisecond time delay 
subroutine in the strip-chart output program, Example 1-11, the 100- 
point data file could be output once, very quickly, perhaps to a stor¬ 
age oscilloscope. If, however, a normal oscilloscope is the only type 
available, the computer wiU have to be set up to output the data points 
again and again so that the display will be maintained. 

Instead of jumping to the address labeled DONE in the strip-chart 
software, Examples 1-10 and 1-11, the computer must be repro¬ 
grammed to repeatedly display the complete 100-point data file. This. 
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may be done by having the computer jump back to that point in the 
program at which the address of the data file is loaded into register 
pair H. This is shown in Example 1-12 in which the time delay sub¬ 
routine call has been removed. 

/EXAMPLE M2 

/ONE HUNDRED POINT DISPLAY SOFTWARE FOR HIGH 
/SPEED DISPLAY DEVICES 

*003 000 

003 000 061 LXISP /LOAD A STACK POINTER 

003 001 377 377 

003 002 003 003 

003 003 041 DISPLA, LXIH /LOAD THE DATA ADDRESS 

003 004 000 DATA! 

003 005 007 0 

003 006 176 LOOP, MOVAM /GET AN 8-BIT DATA POINT 

003 007 323 OUT /OUTPUT IT TO THE DAC 

003 010 027 027 

003 011 043 INXH /INCR MEMORY ADDRESS 

003 012 175 MOVAL /MOVE L TO A 

003 013 376 CPI /COMPARE IT TO 100 DECIMAL 

003 014 144 144 

003 015 302 JNZ /IF NOT EQUAL, DO IT AGAIN 

003 016 006 LOOP 

003 017 003 0 

003 020 303 JMP /IF DONE, REINITIALIZE AND 

003 021 003 DISPLA /START IT AGAIN 

003 022 003 0 

This program will display the 100 points in the data file again and 
again to provide a display which might look like this: 



t t ♦ 

a be 


When the data file is being displayed it is difScult to detennine 
where the 100-point data file starts and where it ends. We can prob¬ 
ably assume that the file’s length is L, since this is the distance be¬ 
tween repetitive features being displayed. The length might be more 
properly called the period, T, or AT, since it is a time period which is 
being measured on the oscilloscope. The top of the peak is probably 
not the start of the data file; the file might start at points a, b or c. 

Most data files will be discontinuous enough at their beginning 
and end so that the displayed file will not run together, but this pos¬ 
sibility exists and it must be considered. Some method of defining 
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the start of the data jBle is required. The first point in the file could 
be preset to a known value, say, 377, but this wastes one of the 
points and it may be “lost” in among the other data values in the file. 
An easy way to overcome this problem is to have the computer gen¬ 
erate an output which may be used to trigger the oscilloscope. It 
could also be used on a second trace, if one is available on the oscil¬ 
loscope, to identify the file’s starting point. The output command 
could be inserted at the start of the DISPLAY software as shown in 
Example 1-13. 

/example M3 

/GENERATING A TRIGGER PULSE IN THE DISPLAY 

/SOFTWARE 

*003 000 


003 000 061 


LXISP 

/LOAD A STACK POINTER 

003 001 377 


377 


003 002 003 


003 


003 003 041 

DISPLA, 

LXIH 

/LOAD THE DATA ADDRESS 

003 004 000 


DATAl 


003 005 007 


0 


003 006 323 


OUT 

/GENERATE A TRIGGER PULSE AT THE 

003 007 030 


030 

/START OF THE FILE 

003 010 1 76 

LOOP, 

MOVAM 

/GET AN 8-BIT DATA POINT 


The OUT 030 pulse is used to trigger the oscilloscope or to provide a 
“mark” at the start of the file (Fig. 1-8). 
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(A) Triggering the oscilloscope. (B) Providing a "mark." 

Fig. 1-8. OUT 030 pulse is used to trigger the oscilloscope or to provide a "mark" at 

the start of a file. 


These techniques for the display of the data in the file rely upon 
the oscilloscope’s time base or the strip-chart’s motor to generate 
the time axis for the data output. This is accomplished by either mov¬ 
ing the oscilloscope’s electron beam or the strip-chart’s paper at a 
fixed, known rate. A second D/A converter could also be used to 
provide the time base or X-axis information. 


28 




The second D/A converter could be used to generate the ramp 
potential to move the oscilloscope’s electron beam by using the soft¬ 
ware shown in Example 1-1. Using two D/A converters to provide 
computer controlled output of both data and time-base information 
provides what is called an X-Y or X vs, Y display since the computer 
can control each axis independent of the other (Fig. 1-9). 

The software must now include program steps to generate the ramp 
as well as to output the data. For 100 data points, the X or time-axis 
D/A converter will only have a range of 100/256th of its full scale 
range since only the first 100 voltage steps will be output. This limita¬ 
tion is overcome by using the oscilloscope’s gain controls to expand 
the X-axis to fill the screen. The software which controls the X-Y 
display of data is provided in Example 1-14. 

/EXAMPLE M4 

/SOFTWARE FOR RAMP AND DATA OUTPUT USING A 

/DUAL D/A CONVERTER INTERFACE 


*003 000 


003 000 006 

DISPLA, 

MVIB 

/SET UP A REGISTER FOR THE RAMP VALUES 

003 001 000 


000 


003 002 041 


LXIH 

/SET UP THE DATA ADDRESS 

003 003 000 


DATAl 


003 004 007 


0 


003 005 004 

LOOP, 

INRB 

/INCREMENT RAMP DATA 

003 006 170 


MOVAB 

/MOVE RAMP DATA TO REG A 

003 007 323 


OUT 

/OUTPUT IT TO X-AXIS DAC 

003 010 036 


036 


003 on 176 


MOVAM, 

/GET THE FIRST DATA POINT 

003 012 323 


OUT 

/OUTPUT IT TO Y-AXIS DAC 

003 013 027 


027 


003 014 043 


INXH 

/INCREMENT MEMORY ADDRESS 

003 015 175 


MOVAL 

/MOVE L TO A 

003 016 376 


CPI 

/COMPARE IT TO 100 DECIMAL 

003 017 144 


144 


003 020 302 


JNZ 

/IF NOT ZERO, GET ANOTHER POINT 

003 021 005 


LOOP 

/AND DISPLAY IT 

003 022 003 


0 


003 023 303 


JMP 

/ALL 100 POINTS OUTPUT, SO RE- 

003 024 000 


DISPLA 

/REINITIALIZE AND DO IT AGAIN 

003 025 003 


0 




*007 000 


007 000 000 

DATAl, 

0 

/DATA STARTS HERE AND GOES FOR 100 

007 001 000 


0 

/POINTS 


Each time that the computer goes through the software loop, the 
value in the B register is incremented and output as the time-base or 
X-axis data. This software may work fairly well, but upon close ex¬ 
amination there may be streaks of light on the oscilloscope’s screen. 
These streaks of light are caused by the short time that that each point 
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Fig. 1-9. Using two 8-bit D/A converters to generate X- and Y-axis voltages for plotting 

or graphic display. 


is displayed in relation to the time that the oscilloscope spends in 
moving the electron beam to the next point’s position. We may need 
to introduce a short time delay into the software, perhaps between 
the OUT and the INXH instructions, so that the beam will stop and 
“intensify” each point. This time delay might be a few NOP instruc¬ 
tions or an actual call to a time delay subroutine. 

This program is interesting since the value in the B register and 
the value in the L register will always be equal. In a previous example 
we saw that the value in the L register could be used as both a counter 
and as a memory address. In this case the value in the L register may 
be used as the memory address and as the value for the X-axis D/A 
converter. This eliminates the use of register B. 

Even if the data field is offset or biased to have a starting address of 
007 100, the value in the L register may still be used simply by 
subtracting (or adding) the offset prior to the use of the value as 
the data to be output to the X-axis D/A converter. This mode of 
operation is shown in Example 1-15. 

/EXAMPLE 1-15 

/SOFTWARE FOR AN X-Y DAC DISPLAY OF DATA WHERE 

/THE MEMORY ADDRESS ALSO GENERATES A RAMP 

*003 000 


003 000 061 

LXISP 

/SET UP A STACK 

003 001 377 

377 


003 002 003 

003 


003 003 041 DISPLA, 

LXIH 

/SET UP NEW ADDRESS POINTERS 

003 004 100 

NEWPNT 
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003 005 007 


0 


003 006 175 

LOOP, 

MOVAL 

/GET THE LOW ADDRESS 

003 007 376 


CPI 

/COMPARE IT TO 144 POINTS (100 DECIMAL) 

003 010 244 


244 

/PLUS OFFSET OF 100 ADDRESSES (OCTAL) 

003 on 312 


JZ 

/IF EQUAL, GO BACK AND START AGAIN 

003 012 003 


DISPLA 

/IF NOT EQUAL, KEEP ON GOING 

003 013 003 


0 


003 014 326 


SUl 

/SUBTRACT THE OFFSET OF 

003 015 100 


100 

/lOO ADDRESSES (OCTAL OFFSET) 

003 016 323 


OUT 

/OUTPUT THIS AS THE RAMP DATA TO 

003 017 036 


036 

/THE X-AXIS DAC 

003 020 176 


MOVAM 

/GET A DATA POINT 

003 021 323 


OUT 

/OUTPUT IT TO THE Y-AXIS DAC 

003 022 027 


027 


003 023 315 


CALL 

/WAIT A BIT SO THE BEAM CAN 

003 024 032 


TIMER 

/INTENSIFY THE SPOT 

003 025 003 


0 


003 026 043 


INXH 

/INCREMENT THE MEMORY ADDRESS 

003 027 303 


JMP 

/GO BACK AND TRY AGAIN 

003 030 006 


LOOP 


003 031 003 


0 


003 032 006 

TIMER, 

MVIB 

/LOAD B WITH A NUMBER 

003 033 200 


200 


003 034 005 


DCRB 

/DECREMENT IT 

003 035 302 


JNZ 

/NOT ZERO, JUMP BACK 1 

003 036 034 


TIMER + 2 


003 037 003 


0 


003 040 311 


RET 

/COUNTz=0, RETURN 



*007 000 


007 100 000 

NEWPNT, 

0 

/START OF THE NEW, OFFSET DATA FILE 


You may have asked yourself why we have chosen to add another 
D/A converter to the microcomputer when the external time bases 
provided by the oscilloscope and the strip-chart recorder worked so 
well. The utility of an X-Y display is that it allows the computer to 
do complex graphics which are not possible with Y-T displays. 

There are two types of X=Y data displays: (1) where the data is 
to be displayed using a uniform time base with constant time intervals 
between each point and (2) where two data files are used to define 
a point’s position for drawings, maps, circuit layouts, etc. 

When used for the second .type of display, co-ordinate points are 
assigned to the various points on the oscilloscope screen and it 
becomes possible to output squares, circles, alphanumeric characters 
and other shapes and forms not possible without two D/A converters. 
Using two, 8-bit D/A converters there are 65,536 points which 
may be “addressed” by the computer through the D/A converters. 
The utility and simplicity of a Y-T display is still maintained since 
one of the D/A converters may still be used to output a ramp, as in 
previous examples. 
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We will now discuss the use of two D/A converters to output X-Y 
data from two independent 100-point data files. The length of the 
files may be increased or decreased as needed. If the software is to 
be used with an X-Y plotter, pen-up and pen-down controls would 
have to be added to the interface and a time delay would be needed 
so that the servo motor could keep up with the computer. These have 
been implemented in the software. A flowchart has been used to 
illustrate the operation of the program and a completely assembled 
software listing is also provided. The program will continuously dis¬ 
play the data in the file. If the program is to be used with a plotter 
the necessary halt instruction should be added (Fig. 1-10). The halt 
instruction is used for plotter output with the final jump being used 
if the data points are to be output again. 

In most cases register H is used as the pointer to indicate which 
memory location will be involved in data transfer to or from one of 
the 8080’s internal registers. There are also instructions which allow 
the contents of register pair B or register pair D to be used as memory 
address pointers. In the X-Y data output software shown in Example 
1-16, register pair H is used to point to the Y-axis data file and regis¬ 
ter pair D is used to point to the X-axis data file. The Y-axis data 
file will reside between addresses 007 000 and 007 177 and the X 
axis data wiU reside between 007 200 and 007 377. This allows for 
data files of 128 points, although only 100 will be used in our example. 

When using an oscilloscope with the X-Y data display software in 
Example 1-16, the call to the WAITl subroutine may be eliminated 
by substituting three NOP instructions in place of the three-byte call 
instruction. The pen-up and pen-down commands may be useful if 
you wish to turn the oscilloscope’s electron beam on and off. This is 
called Z-axis modulation, 

/EXAMPLE M6 

/SOFTWARE FOR A DISPLAY OF X-Y DATA USING TWO, 

/INDEPENDENT DATA FILES, X DATA & Y DATA 

*003 000 


003 

000 

061 


LXISP 

/SET UP A STACK 


003 

001 

377 


377 



003 

002 

003 


003 



003 

003 

041 

START, 

LXIH 

/SET UP POINTER FOR 

Y DATA 

003 

004 

000 


YDATA 



003 

005 

007 


0 



003 

006 

021 


LXID 

/SET UP POINTER FOR 

X DATA 

003 

007 

200 


XDATA 



003 

010 

007 


0 



003 

on 

176 

MORE, 

NOVAM 

/GET Y DATA 


003 

012 

323 


OUT 

/OUTPUT IT 


003 

013 

027 


027 



003 

014 

032 


LDAXD 

/GET X DATA 


003 

015 

323 


OUT 

/OUTPUT IT 
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003 016 036 


036 


003 017 315 


CALL 

/WAIT FOR PLOTTER TO /WOVE 

003 020 100 


WAIT! 


003 021 003 


0 


003 022 323 


OUT 

/OUTPUT PULSE PUTS PEN DOWN 

003 023 030 


030 

/OR TURNS SCOPE BEAAA ON 

003 024 315 


CALL 

/WAIT FOR POINT TO BE PLOTTED OR 

003 025 130 


WAIT2 

/INTENSIFIED 

003 026 003 


0 


003 027 323 


OUT 

/OUTPUT PULSE LIFTS PEN OR TURNS 

003 030 031 


031 

/SCOPE BEAAA OFF 

003 031 043 


INXH 

/INCREAAENT AAEAAORY POINTERS 

003 032 023 


INXD 


003 033 175 


MOVAL 

/GET LOW ADDRESS FOR Y DATA 

003 034 376 


CPI 

/ARE ALL POINTS OUTPUT? 

003 035 144 


144 


003 036 302 


JNZ 

/NO, DO /WORE 

003 037 on 


MORE 


003 040 003 


0 


003 041 303 


JMP 

/YES, DISPLAY THE FILE AGAIN 

003 042 003 


START 

/SUBSTITUTE A HALT FOR THE JU/WP 

003 043 003 


0 

/TO OUTPUT THE DATA ONLY ONCE 



*003 000 


003 100 000 

WAITl, 

0 

/APPROPRIATE TIAAE DELAY GOES HERE 



*003 130 


003 130 000 

WAIT2, 

0 

/AND HERE, TOO 



*007 000 


007 000 000 

YDATA, 

0 

/THE Y-AXIS DATA STARTS HERE 



*007 200 


007 200 000 

XDATA, 

0 

/THE X-AXIS DATA STARTS HERE 


003 

000 

061 


003 

001 

377 


003 

002 

003 


003 

003 

041 

START, 

003 

004 

000 


003 

005 

007 


003 

006 

176 

LOOP, 

003 

007 

323 


003 010 

027 


003 

on 

043 


003 

012 

176 


003 013 

323 


003 014 

036 


003 

015 

315 


003 

016 

100 


003 

017 

003 



/EXAMPLE 1-17 

/SOFTWARE FOR AN X-Y DATA DISPLAY USING A SINGLE 
/FILE CONTAINING X AND Y DATA 


*003 000 
LXISP 
377 
003 
LXIH 
XYDATA 
0 

MOVAM 

OUT 

027 

INXH 

MOVAM 

OUT 

036 

CALL 

WAITl 

0 


/LOAD THE MEMORY DATA POINTER 


/GET THE Y DATA 
/OUTPUT IT 

/INCREMENT THE ADDRESS POINTER 
/GET THE X DATA FROM THE NEXT LOC'N 
/OUTPUT IT 

/THIS IS THE SAME SOFTWARE AS THAT IN 
/EXAMPLE M6. 
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003 020 323 

OUT 


003 021 030 

030 


003 022 315 

CALL 


003 023 130 

WAIT2 


003 024 003 

0 


003 025 323 

OUT 


003 026 031 

031 


003 027 043 

INXH 

/INCREMENT ADDRESS POINTER AGAIN 

003 030 175 

MOVAL 

/CHECK REG L 

003 031 376 

CPI 

/COAAPARE IT TO DECIAAAL 200 

003 032 310 

310 

/310 = 200 DECIAAAL 

003 033 302 

JNZ 


003 034 006 

LOOP 


003 035 003 

0 


003 036 303 

JAAP 


003 037 003 

START 


003 040 003 

0 

*007 000 


007 000 000 XYDATA, 

0 

/DATA STARTS HERE WITH Y DATA 

007 001 000 

0 

/X-AXIS DATA 

007 002 000 

0 

/Y-AXIS DATA 

007 003 000 

0 

/ETC. 
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Fig. 1-10. The flowchart for a general X-Y display software routine that may be used 
to drive an X-Y plotter with pen-up and pen-down control. 










The computer could have made use of a single data file in which 
the X-axis and the Y-axis information is placed in alternating memory 
locations, eliminating the need for the register pair D pointer address. 
An example of this type of file manipulation is shown in Example 
1-17. Remember that the single data file will be twice as long as 
either the X-axis or the Y-axis files that were used in Example 1-16, 
but that the same number of memory locations are required to store 
the entire file. One disadvantage of this type of “data filing” is that it 
will require additional software to access the points in the file for 
further manipulation. 

We have only provided examples of point plotting. Line plotting 
is much more complex since additional points must be plotted to 
“create” the straight line. Mathematical routines are generally used 
to add these points to a plot, filling in the “space” between two real 
data points. Line plots are beyond our present discussion. 


INTERFACING A 10-BIT D/A CONVERTER 

Many applications that require analog outputs from a computer 
system will need more resolution than the one part in 256 that is 
provided by an 8-bit D/A converter, similar to the one used in our 
examples. There are 10-, 12- and 14-bit D/A converters readily 
available and these, too, may be interfaced to microcomputers. 

How, you may ask, is it possible to interface a 10, 12-, or 14-bit 
device to an 8-bit computer? Actually, it is easier than it may appear 
at first glance. A 10-bit D/A converter with a resolution of one part 
in 1024 will be used in this example. This is more than enough 
resolution for most applications. 

To interface a 10-bit D/A converter to an 8-bit computer, the 
interface is built so that the computer first transfers eight bits to the 
converter and then, in another operation and with separate circuitry, 
the computer transfers the final two bits to the converter. This first 
attempt at interfacing is shown in Fig. 1-11. 

The 10 bits of data that are to be displayed will be stored in two 
consecutive memory locations as shown: 


ADDRESS DATA BITS 


A 

D7 

D6 

D5 

D4 

D3 

D2 

D1 

DO 

10-Bit Word 

A+1 

X 

X 

X 

X 

X 

X 

D9 

D8 

A+2 

D7 

D6 

D5 

D4 

D3 

D2 

D1 

DO 

10-Bit Word 

A+3 

X 

X 

X 

X 

X 

X 

D9 

D8 


X = Unused bit positions 
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Fig. 1-11. Block diagram of a lO-bit D/A converter interfaced to an 8-bit computer. 


The eight least significant bits (LSBs) are stored in memory loca 
tion A. The two most significant bits of the 10-bit data word art 
stored in memory location A+1 in bit positions D1 and DO. The othei 
six bits in this most significant bit (MSB) storage location are no 
used. 

We have assumed that only one 10-bit D/A converter has beer 
interfaced to the computer, although more could have been added 
Part of a typical 10-bit D/A converter output program is shown as 
follows. It has been written to control the 10-bit D/A converter inter¬ 
face shown in Fig. 1-11. 


000 000 

041 

*000 000 
LXIH 

/LOAD MEMORY POINTER 

000 001 

000 

000 


000 002 

007 

007 


000 003 

176 

MOVAM 

/GET 8 LSB'S 

000 004 

323 

OUT 

/OUTPUT THEM TO THE DAC 

000 005 

054 

054 


000 006 

043 

INXH 

/increment the address 

000 007 

176 

MOVAM 

/GET THE 2 MSB'S 

000 010 

323 

OUT 

/OUTPUT THEM TO THE DAC 

000 on 

055 

055 



Suppose that the converter is now outputting the voltage corre¬ 
sponding to the 10-bit binary value OOIIIIOOOO 2 . The next 10-bi1 
binary value that is to be output to the converter is 010000101 12 
What will the output of the D/A converter look like when the com¬ 
puter outputs this new value, using the program section listed above? 
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We would expect that the computer would cause the 10-bit D/A 
converter to output a new voltage that is somewhat higher than the 
current voltage now being output. The second binary value is larger 
than the first, thus the output voltage should be higher. While this is 
the end result of outputting the new data word, 010000101 12 , there 
is a “glitch” present in the output. 

The actual output is shown as follows, plotted with respect to time. 
The time scale is greatly exaggerated: 


.D/A Data 0100001011 


D/A Data = 001111000 


\ 


D/A Data = 0000001011 


Why do we observe this unexpected glitch and the data word, 
000000101 12 , associated with it? The glitch is observed because all 
of the bits in the new 10-bit word are not applied to the D/A con¬ 
verter’s inputs at the same time. The following portion of a program 
that may be used to update the D/A converter illustrates what 


happens: 



LXIH 

000 

/OLD DATA 

= 0011110000 

007 



MOVAM 

/GET NEW DATA 


OUT 

054 

INXH 

MOVAM 

/OUTPUT 8 LSB'S OF NEW DATA 

= 0000001011 

OUT 

055 

/OUTPUT 2 MSB'S OF NEW DATA 

= 0100001011 


You will notice that the intermediate word, 000000101 12 , is “made 
up of” the eight least significant bits of the new 10-bit data word and 
the two most significant bits of the old data word. It is this “inter¬ 
mediate” 10-bit data word which causes the glitch. 

While we wish to output the data word, 0100001011 2 , to the D/A 
converter, the present interface can only transfer eight bits of data 
at a time. Thus, the MSBs of the old data word will always be present 
while the eight LSBs are being changed to those of the new data word. 
With the present hardware and software there is no way to avoid this 
problem. 

An additional 10-bit latch may be added to the interface to prevent 
the D/A converter from generating the glitch due to the “overlap” 
between the old and the new data words. The technique of using two 
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Fig. 1-12. A double-buffered 10-bit digital-to-analog converter using the 
Analog Devices AD561. 


latches in series is called double buffering. The complete interface 
for a double-buffered D/A converter is shown in Fig. 1-12. The 
additional latch may be clocked or enabled with a separate OUT 
command, but it may also be set up so that the eight LSBs are trans¬ 
ferred to the D/A converter’s inputs when the computer outputs the 
two MSBs. In this example we have chosen to use a separate com¬ 
mand to control the 10-bit latch. 

The following sequence is used when data is being output to the 
10-bit D/A converter: 

1. The eight LSBs of the new data word are transferred to the 
74100 latch that is connected to the data bus. The OUT 054 
command performs this function. 

2. The two MSBs of the new data word are transferred to the 
7475 latch that is connected to the data bus. The OUT 055 
command performs this function. 

3. The complete, new 10-bit data word latched in the 74100 and 
7475 latch is transferred to the 10-bit latch with an OUT 056 
command. The 10-bit latch is constructed with another 7475 
and another 74100 device. 

This type of a double-buffered interface uses the same type of soft¬ 
ware shown in the previous example, except that an additional output 
command has been added to provide the pulse necessary to enable the 
10-bit latch. 


/EXAMPLE M8 

/TYPICAL 10-BIT DAC OUTPUT SOFTWARE 












*003 000 


003 000 041 

START, 

LXIH 

/SET UP DATA ADDRESS 

003 001 000 


DATA 


003 002 007 


0 


003 003 176 

DAC, 

MOVAM 

/GET THE 8 LSB'S 

003 004 323 


OUT 

/OUTPUT THEM 

003 005 054 


054 


003 006 043 


INXH 

/INCREMENT THE ADDRESS 

003 007 176 


MOVAM 

/GET THE 2 MSB'S 

003 010 323 


OUT 

/OUTPUT THEM 

003 on 055 


055 


003 012 323 


OUT 

/TRANSFER THE lO-BIT WORD TO THE DAC 

003 013 056 


056 

/ALL AT ONCE 

003 014 043 


INXH 

/INCREMENT ADDRESS AGAIN 

003 015 175 


MOVAL 

/GET THE L VALUE 

003 016 376 


CPI 

/IS IT = 310? 

003 017 310 


310 

/310 = 200 DECIMAL 

003 020 302 


JNZ 

/HAVE ALL 100, 10-BlT WORDS BEEN OUTPUT 

003 021 003 


DAC 

/NO, DO MORE 

003 022 003 


0 


003 023 303 


JMP 

/YES, REINITIALIZE AND DO IT AGAIN 

003 024 000 


START 


003 025 003 


0 




*007 000 


007 000 000 

DATA, 

0 

/8 LSB'S STORED HERE (WORD 1) 

007 001 OOO 


0 

/2 MSB'S STORED HERE (WORD 1) 

007 002 000 


0 

/8 LSB'S STORED HERE (WORD 2), ETC. . . 


In one of the newer D/A converter devices, the Analog Devices 
AD7522, the double-buffering is provided within the integrated cir¬ 
cuit. The AD7522 is shown in Fig. 1-13. Three device-select pulses 
are used with this device, an 8-bit transfer or low-byte strobe pulse 
(LBS, pin 24), a 2-bit or high-byte strobe pulse (HBS, pin 25) and 
a load D/A converter pulse (LDAC, pin 22). 

Since the AD7522 has built-in double buffering, we have chosen to 
use it in many of the experiments presented in Unit 7. To make your 
interfacing tasks easier, it has been combined with the necessary gat¬ 
ing logic and amplifier circuit in the form of an Outboard which can 
be plugged into a solderless breadboard socket. The complete sche¬ 
matic for the LR-35 10-bit D/A converter Outboard is shown in 
Fig. 1-14. A photograph of the LR-35 is shown in Fig. 1-15. 

We expect that manufacturers will continue to provide new and 
useful features within their D/A modules to make interfacing easier 
in the future. Another recent development is the Signetics NE5018 
integrated circuit. This is a single, 22-pin device which incorporates 
the latch circuits, analog reference, and output amplifier along with 
an 8-bit D/A converter. Interfacing requires two or three external 
components and a device select pulse. This device will be discussed 
in more detail in the experiments in Unit 7. 
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(B) Pin configuration. 


Courtesy Analog Devices, Inc. 

Fig. 1-13. The Analog Devices AD7522 10-bit D/A converter integrated-circuH schematic 

and pin configuration. 


MEMORY MAPPED I/O TECHNIQUES AND 
D/A CONVERTERS 

The memory mapped input/output (I/O) technique may be readily 
applied to D/ A converters such as those shown in the examples in this 
unit. To convert the interface circuits so that the memory-mapped 
I/O t echnique is used rather than the accumulator I/O techni que, the 
OUT sig nals must be changed to the memory write signal, MW or 
MEMW, and the device addresses must be changed to 16-bit memory 
addresses rather than 8-bit I/O addresses. The actual techniques of 
memory-mapped I/O are covered in detail in Units 21 and 22 of In- 
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troductory Experiments in Digital Electronics and 8080A Microcom¬ 
puter Programming and Interfacing, Book 2, published by Howard W. 
Sams & Co., Inc. The software examples must also be changed so that 
memory reference instructions are used to output data to the D/A 
converters. The main advantage of memory-mapped I/O is that 
there are a large number of 8080 instructions which may be used to 
transfer data between I/O devices and the 8080 chip. 

The new programmable peripheral interface (PPI) integrated cir¬ 
cuits, such as the Intel 8255, provide an easy means of implementing 
memory-mapped I/O for D/A converters. These devices incorporate 
8-bit latches and they may be programmed to be either input or 
output ports. 

Using the PPI-type integrated circuits with D/A converters that 
have more than ei^t bits of digital input may pose problems, since 
the PPI chips are not double buffered. The 10-bit D/A converter 
which required two sets of latches, Fig. 1-12, could not be readily 
interfaced using a PPI-type chip. If a PPI-type chip was used, the 
output of the D/A converter would show glitches since the 10-bit 
data word would not be transferred to the 10 D/A converter inputs 
simultaneously. 
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Courtesy E&L Instruments, Inc. 


Fig. 1-15. Photograph of the LR-35 Outboard®. 


It is our opinion that you will be better off by using standard TTL 
integrated circuits for your interfacing where the task is well defined 
or where more than eight bits will be transferred at one time. The 
D/A converters with built-in double-buffered latches are your best 
choice if you wish to avoid interfacing problems with D/A converters 
having more than eight bits of input. You will find that the cost of 
the PPI-type interface chips will soon be equal to the price of con¬ 
verters with built-in latches and other interface elements. 

Both the memory-mapped and accumulator I/O techniques will 
be used in the experiments presented in Unit 7. You will find that 
both of the techniques are useful and that the choice of interfacing 
techniques depends upon your experience with hardware and soft¬ 
ware and also upon the problem to be solved. 

OTHER DIGITAL-TO-ANALOG CONVERTERS 

Another digital-to-analog converter which deserves attention is the 
Burr-Brown MP-10 module. This converter has been designed and 
built specifically for use with 8080-type microcomputers such as the 
8085, 8048, Zilog Z80, 8080A, and others. The MP-10 module is 
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of particular interest since it incoporates two 8-bit D/A converters 
within the module by using a programmable peripheral interface 
(PPI) integrated circuit similar to the Intel 8255 for the latch portion 
of the interface. The 8255 PPI chip has three ports which may be 
configured as either input or output ports depending upon the com¬ 
mands sent to it under software control. Thus, the chip is truly pro¬ 
grammable. 



Courtesy Burr-Brown Research Corp. 

Fig. 1-16. Block diagram of the Burr-Brown MP-10 dual, 8-bil D/A converter module. 


By incorporating this type of an integrated circuit into their MP-10 
D/A converter package, Burr-Brown has been able to offer two 8-bit 
D/A converters in a one-inch by one-and-three-quarter-inch package 
having 32 contact pins. A block diagram of the MP-10 module is 
shown in Fig. 1-16. 

The digital inputs to the MP-10 are all compatible with the TTL 
signal levels present on the microcomputer’s address, data, and con¬ 
trol signal buses. The necessary device-address-decoding logic is pro¬ 
vided within the module. The MP-10 may be configured to respond to 
any one of four groups of addresses when the memory-mapped I/O 
technique is used. Each of the four groups contains three device ad¬ 
dresses which correspond to the three functions present within each 
module. 

The three functions are: (1) D/A converter #1, (2) D/A converter 
#2, and (3) the internal PPI control register. The addresses avail¬ 
able are as follows: 
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High Address 

X X 1 1 ! 1 1 1 

X X 1 1 1 1 1 1 

X X 1 1 1 1 1 1 


Low Address 

1 1 1 1 B B 0 0 

1 1 1 1 B B 0 1 

1 1 1 1 B B 1 1 


Function 

D/A #1 
D/A #2 
Control Register 


The address bits noted as “B” are defined by the user with hardwired 
connections so that up to four groups of addresses may be used with 
one computer system. The “B” address bits are selected as either 00, 
01, 10, or 11. The “X” address bits are not used within the MP-10 
module. 

Whenever a programmable peripheral interface integrated circuit 
is used in an interface it is necessary to initialize it. The Burr-Brown 
MP-10 module is no exception and it is initialized by having the 8080 
computer transfer the control word IOOOOOOO 2 to the MP-lO’s con¬ 
trol register. This must be done prior to the use of either D/A con¬ 
verter. 

When the memory-mapped I/O technique is used, either of the 
two following software examples may be used for the MP-10 ini¬ 
tialization: 


MVIA 

20Q 

STA 

CONTROL 

0 


LXIH 

CONTROL 

0 

MVIM 

200 


In the left-hand example, the 8080’s A register is loaded with the 
control word which is then stored in the memory address specified by 
CONTROL, the address of the D/A converter’s control register. In 
the right-hand example, register pair H is loaded with the address of 
the MP-lO’s control register and then the control word is transferred 
to the control register with the MVIM instruction. In these two soft¬ 
ware examples the notation “CONTROL” followed by “0” is used to 
represent the two 8-bit bytes of the 16-bit address assigned to the 
control register within the MP-10 module, say, 00111111 111 1001 12 . 

Since the two D/A converters within the MP-10 module have been 
assigned successive addresses, two 8-bit bytes of data may be easily 
transferred, one byte to each converter, using the SHLD instruction. 
This is a three-byte instruction that is used to transfer the contents 
of the H and the L register to two successive memory locations, X 
and X+l. The address, X, is specified in the last two bytes of the 
SHLD instruction. In this way, two D/A converters may be updated 
with new data by using a single instruction. 

The MP-10 module has no provision for decoding the two most 
significant address bits, A15 and A14. Thus, if the MP-10 module 
is to be interfaced using the memory-mapped I/O technique, it will 
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be addressed in the last 256-byte block in each of the four 16K blocks 
of memory available within the 8080’s memory space. This is seen 
with the aid of the following address chart: 


Address Decoding for the MP-10 D/A Converter Module 


High Address 

00111111 
0 1111111 
10 111111 
11111111 


Low Address 

I 1 1 1 0 0 0 0 
11110000 
11110000 
11110000 


The four addresses in the address chart will all address a single 
D/A converter. We have assumed that the “B” address select inputs 
are both hardwired to logic zero. If you are using 16K or more 
memory in a single block this will cause problems since the same ad¬ 
dress may be assigned to a real memory location and to a D/A 
converter. 

To correct this problem we would suggest using the gating scheme 
shown in Fig. 1-17. This will have the overall effect of “moving” the 



FROM 8080 
R/W 


R/W 

TO MP-10 


Fig. 1-17. Using address gating to move the MP-10 converter memory to higher 
memory addresses. 


addresses of the MP-10 D/A converters and control register to the 
last 256-byte block of memory addressable by the 8080, that is to 
say, within addresses 377 000 and 377 377 (FFOO and FFFF, 
hexadecimal). This modification requires a single SN7400 quad-NAND 
gate package. 

This circuit will enable the MP-lO’s read/write input only when 
address bits A15 and A14 are both logic one. Since all of the other 
address bits, with the exception of A3 through AO, must be logic Is 
too, the addresses of the devices will be changed to: 

11111111 1 1 1 1 B B C C 

Here, the “B” address bits must still be defined and hardwired by 
the user and the “C” address bits are used to define the internal device 
that will be addressed. 

The MP-10 module may also b e used with the accumulator I/O 
technique by substituting the 8080’s OUT signal for the memory-write 
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signal applied to the MP-10. In this case, address inputs A13 through 
A8 must be hardwired to logic one. The addresses of the D/A con¬ 
verters and the control register are the same as those used in the 
memory-mapped examples, except that the high address is ignored. 
The low address is incorporated in the program as the second byte 
in the output instructions. Remember that if accumulator I/O is 
used, the control register within the MP -10 module must still be 
initialized with the value 100000002- 

When the accumulator I/O technique is used with the MP-10 
module, the following steps may be used to initialize the control reg¬ 
ister within the module: 

MVIA /LOAD THE A REGISTER WITH DATA 

200 /DATA = 200 

OUT /OUTPUT IT TO THE CONTROL REGISTER 

CONTROL /EIGHT-BIT ADDRESS OF REGISTER 

Burr-Brown has made the microcomputer-to-converter interfacing 
task somewhat easier by incorporating the latches and device-address 
control logic within their MP-10 module. We expect that this trend 
will continue. 

It is important to remember, though, that while the interfacing may 
become easier, someone must still write the software necessary to 
make the interfaces operate correctly. 
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Interfacing 

Analog-to-Digital 

Converters 


INTRODUCTION TO THIS UNIT 

Analog-to-digital converters (ADCs or A/D converters) play an 
important role in many microcomputer systems. They allow a digital 
system to convert a voltage signal into a digital quantity that repre¬ 
sents the unknown voltage. This is particularly useful when tempera¬ 
ture, pressure, weight, position, distance, or some other unknown is 
to be measured and the measuring sensor has an output which is 
either an analog voltage or current. Hundreds of A/D converter 
modules are available in many configurations to solve general or spe¬ 
cific problems. This unit includes descriptions and examples of several 
types of converters and how they are interfaced to an 8-bit micro¬ 
computer. Software is also provided in the examples. 

OBJECTIVES 

• Describe the operation of a ramp A/D converter. 

• Describe the operation of a successive approximation A/D 
converter. 

• Develop software to input data from both ramp and successive 
approximation A/D converters. 

• Describe the interface required for an 8-bit and a 10-bit A/D 
converter module. 

• Describe the differences between delay loop, interrupt, and 
polled, real-time clock timers for data acquisition programs. 



• Discuss the use of A/D and D/A converters for data-acquisition 
and data-display applications. 

ANALOG-TO-DIGITAL CONVERTERS 

The most widely used types of analog-to-digital converters operate 
by matching or comparing an unkonwn voltage to a voltage produced 
by a digital-to-analog converter. The generation of the known voltage 
and the comparison process is straightforward. This unit will in¬ 
troduce software-based analog-to-digital conversion techniques and 
methods for interfacing modular A/D converters to microcomputers. 

Analog-to-digital converters are available with a variety of input 
and output configurations and with various features, such as three- 
state outputs and amplifiers already built into them. Most A/D con¬ 
verters are voltage measuring devices with input ranges of 0-5 volts, 
0-10 volts, ±5 volts or ±10 volts. Some converters are available with 
all of these ranges or with a variable gain feature so that almost any 
voltage range can be measured. The outputs of A/D converters are 
usually compatible with transistor-transistor logic (TTL) levels, being 
coded in straight-binary or binary-coded decimal (BCD) form. 
Converters with twoVcomplement binary and offset binary are also 
available if these codes are needed. 

SOFTWARE A/D CONVERSION TECHNIQUES 

When working with microcomputers, or any small computer for 
that matter, it becomes apparent that there are many hardware/ 
software tradeoffs which can be made. For example, the following 
operations may be performed with standard integrated circuits or 
with a series of software instructions: 

• Binary or decade counters • Code converters 

• Inverters • Flip-flops 

• Shift registers • Multiplexers 

In fact, there are many other tasks that may be done by software or 
by using hardware. The analog-to-digital conversion process is one 
of the tasks which may be done equally well in either hardware or 
software. We will explore both the ramp-type A/D converter and 
the successive-approximation-type converter to see how the conversion 
process works and how it may be accomplished with software. 

LINEAR RAMP CONVERTERS 

The ramp-type of A/D converter operates by matching an un¬ 
known voltage with the voltage represented by a steadily increasing 
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Fig. 2-1. Hardware represenlatien of a ramp-fype A/D converter. 


voltage ramp. The unknown voltage is constantly compared to the 
ramp voltage until they are found to be equal. When tfiey are equal, 
the process is stopped. If counters are used with a D/A converter to 
generate the ramp, the binary code present at the inputs to the D/A 
converter will represent the binary code for the unknown voltage. 
A block diagram representation of a ramp A/D converter is shown 
in Fig. 2-1. 

A short logic zero pulse is applied to the RESET input to clear 
both of the binary counters and the D-type flip-flop. When the flip- 
flop is cleared, its Q output is a logic one, enabling the nand gate 
to pass clock pulses through to the binary counters. The parallel 
count applied to the D/A converter generates a ramp output. The 
ramp output and the unknown voltage are compared by the com¬ 
parator, which will output a logic one when the two voltage inputs 
are equal. The logic one output by the comparator will clock or pulse 
the flip-flop so that the Q output will become a logic zero, disabling 
the NAND gate and thus preventing any further clock pulses from 
reaching the counters. 

Whe n the co unt is maintained, as indicated by the end-of-conver- 
sion or DONE flag being in the logic zero state, the eight parallel out¬ 
puts represent the binary code of the unknown voltage. The D input 
to the flip-flop is held at a logic one. A timing diagram for this type 
of ramp conversion process is provided in Fig. 2-2. 
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We have assumed that the unknown voltage is within the range 
of the D/A converter’s ramp output. In converters of this type, syn¬ 
chronous counters are preferred to ripple or asynchronous counters. 
The synchronous counter’s outputs will all change to their respective 
states simultaneously. This avoids counting spikes, which are pro¬ 
duced by ripple counters such as the 4-bit binary counter, the SN7493. 
If a BCD output is required, a BCD D/A converter and BCD count¬ 
ers may be used. The SN74161 binary counter and the SN74160 BCD 
counter may be used in converters of this type. 

Since we have discussed interfacing an 8-bit D/A converter to a 
microcomputer in a previous unit, we will now attempt to use it to 
generate the ramp under software control. Software might also be used 
to test the state of the comparator’s output. In this case an input port 
could be used to input the logical state of the comparator’s output. 
A typical interface is shown in Fig. 2-3 in block diagram form. 

It is now possible to substitute software for hardware. The com¬ 
puter will be used to generate a ramp output by the D/A converter 



Fig. 2-3. A typical soltware-based ramp A/D cwiveiter using a D/A converter, an input 
port, and a comparator. 
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using the software steps that were described in the previous unit. The 
comparator’s output will be treated as an external flag which will be 
sensed or tested with logical and decision-making instructions. 

/EXAMPLE 2-1 

/TYPICAL SOFTWARE FOR A RAMP A/D CONVERTER 
/USING A D/A & COMPARATOR 

*003 000 


003 

000 

006 

START, 

MVIB 

/SET B =: 0 

003 

001 

000 


OOO 


003 

002 

170 

DALOOP, 

MOVAB 

/MOVE B TO A 

003 

003 

323 


OUT 

/OUTPUT IT TO THE D/A 

003 

004 

027 


027 


003 

005 

333 


IN 

/INPUT THE COMPARATOR STATUS 

003 

006 

015 


015 


003 

007 

346 


ANI 

/MASK OUT UNWANTED BITS 

003 

010 

040 


040 


003 

on 

302 


JNZ 

/STILL = 0? 

003 

012 

020 


DONE 

/NO, WE HAVE A MATCH 

003 

013 

003 


0 


003 

014 

004 


INRB 

/YES, ADD 1 AND DO IT AGAIN 

003 

015 

303 


JMP 


003 

016 

002 


DALOOP 


003 

017 

0D3 


0 


003 

020 

170 

DONE, 

MOVAB 

/FINISHED, GET THE VALUE 

003 

021 

323 


OUT 

/OUTPUT IT TO A DISPLAY 

003 

022 

002 


002 


003 

023 

166 


HLT 

/THEN HALT 


The software shown in Example 2-1 will work with the hardware 
shown in Fig. 2-3, but the software is slow, taking up to 7 milli¬ 
seconds to perform a conversion since up to 255 passes through the 
DALOOP section of the program may be required, depending upon 
the unknown voltage. Higher voltages will take longer to convert 
than lower voltages since the ramp must be incremented further to 
reach the higher voltages necessary for an equal condition to exist. 

Conversion times would be even longer for higher resolution 10-, 
12-, or 14-bit converters implemented in this way. It should also be 
noted that the computer is dedicated to this task for the many milli¬ 
seconds that are required by the software to perform the conversion. 
Even for a slowly varying signal, the conversion may not be finished 
quickly enough to “catch” the portion of the signal that we wish to 
measure. 

For example, we can use a peak detector to signal that the maxi¬ 
mum of an instrument’s output has been reached so that it may be 
digitized. The i>eak detector could be very sophisticated, or it could 
be a simple timer indicating to the A/D converter or to the computer 
that it must digitize the instrument’s output. This relationship is 
shown in Fig, 2-4. 
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RESET, 0- ^■”1- 

DONE I I- 

0 -' 

Fig. 2-4. The timing relationship between the output of an instrument and the attempt by 
a ramp A/D converter to digitize the peak value. 


The RESET signal is generated by the instrument to indicate to 
either the hardware ramp A/D converter (Fig. 2-1) or to the com¬ 
puter that the maximum has occurred. The voltage that we wish to 
digitize is that present at point a. The converter or the computer 
senses this and starts to generate the ramp voltages. Since the ramp 
output changes slowly we find that during this time the instrument's 
output has also changed. 

The coincidence of the ramp output and the instrument’s output 
actually takes place at b, some time after the peak value has passed 
by. If we blindly treat the digitized value as the peak value, the mea¬ 
surement will be in error by a considerable amount. We have not 
really measured the peak at all, but something that occurred after 
the peak appeared. 

The software-generated ramp A/D conversion technique is slow 
and it is not a method which is usually used to perform A/D con¬ 
versions in microcomputers. The ramp A/D conversion technique is 
still valid, however, and there are prepackaged converter modules 
which have relatively fast conversion times and they are available at 
low cost. This makes them ideal for general experimental and lab¬ 
oratory use. 

Three examples are: 

Analog Devices, Inc., Norwood, MA 02062 

ADC 8S 8-bit, 1-millisecond conversion time 

Datel Systems, Inc., Canton, MA 02021 

ADC Econoverter 6-bit, 50-microsecond conversion time 
ADC 98A 8-bit, 20-microsecond conversion time 
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The hardware and software interfacing techniques required to con¬ 
trol A/D converter modules such as these will be discussed in the 
Interfacing Analog-to-Digital Converters section of this unit. 

Successive-Approximation Converters 

In many cases, we wish to be able to perform analog-to-digital 
conversions accurately and in such a way that it will not take hundreds 
of microseconds or even milliseconds to do a simple 8- or 10-bit 
conversion. The successive-approximation technique is one that pro¬ 
vides both accuracy and speed. 

Let us examine how this technique works. We will assume that 
we wish to guess the value of a number in the range of zero to 255, 
the range possible with eight binary bits. If the ramp technique is 
used it may take many steps to reach the unknown number since each 
step is only one step above the previous one. In contrast, the succes¬ 
sive-approximation method performs tests that are based upon the 
weights of each binary bit position, going from the most significant 
bit (MSB) to the least significant bit (LSB). This method “homes in” 
on the unknown number in a very few tests. We will assume that a 
comparator is still available to indicate the greater-than or less-than 
conditions. 

The individual tests are performed with the binary weights such 
that the binary weight is added to, or excluded from, the total value 
depending upon the comparison of the accumulating total with the 
unknown number. Table 2-1 is an example of an 8-bit conversion of 
the number 113 into a binary equivalent. 


Table 2-1. Converting Decimal Number 113 Info a 
Binary Equivalent 


Test Value 

Response 

Sum 

128 

Too high/ do not add it to the sum 

0 

64 

Too low, add it to the sum and go on 

64 

32 

Sum of 64-|-32 is still too low, add it, go on 

96 

16 

Sum of 16-}-32-)-64 is still too low, add it 

112 

8 

Sum too high, do not add it 

112 

4 

Sum too high, do not add it 

112 

2 

Sum too high, do not add it 

112 

1 

Sum of 64-}-32-}-16-}-l is just right 

113 


Since the weights of each binary bit have been used in the approxi¬ 
mation, it becomes easy to convert the information in the previous 
table into a true binary representation of the decimal number 113. 
This is done by placing a one in each bit position that contributed to 
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the total and a zero in all those positions for which the weight was 
not added to the sum: 


27 2 * 2 ^ 

128 64 32 

0 1 1 


24 2 ^ 2 = 

16 _8 4 

1 0 0 


2i 2° 

2 1 

0 1 


The successive-approximation technique took only eight tests tc 
match the unknown number, while the ramp method would have 
taken 113 tests. The successive-approximation technique only re¬ 
quires one test per bit. Thus, a 10-bit A/D converter, using the 
successive-approximation technique, would require only 10 steps to 
match any integer value between zero and 1024. 

In a successive-approximation converter, a digital-to-analog con¬ 
verter is used to provide the test voltages in discreet weighted steps. 
The D/A converter may be controlled with either hardware or soft¬ 
ware. We will attempt a software solution and we will not discuss 
the logic circuits used to implement a hardware design. 

The computer interface used in this example will be the same as 
that used with the software-based ramp converter (Fig. 2-3). No 
hardware modifications are required since the basic steps of output¬ 
ting the digital value and inputting the state of the comparator’s 
output will be the same. 

The software method, or algorithm, is easy to visualize. The com¬ 
puter will start by having all of the D/A converter’s input bits set to 
logic zero. The most significant bit (MSB) will be set to a logic 1 
and then the comparator’s output will be input and tested. If the D/A 
converter has output a voltage that exceeds the unknown voltage, the 
comparator will indicate this condition with a logic 1 output. This 
will be sensed by the computer and the bit position being tested will 
be reset to zero. If the D/A converter’s output does not exceed the 
unknown voltage the bit will remain at a logic 1. The next least 
significant bit will be tested in a similar fashion until all of the bits 
have been tested. 

The flowchart in Fig. 2-5 shows how the program could operate. 
While this may look like a long, complicated program, it may be 
simplified by using logical instructions, rotate instructions, and soft¬ 
ware loops. The actual program will use several of the 8080’s 
registers: 


• Register A 

• Register B 

• Register C 

• Register D 


I/O data transfers and bit manipulations 
Test data storage 
Accumulating result storage 
Loop counter 
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Fig. 2-5. Flowchart for a software-based successive-approximation A/D converter 
with eight bits. 


You may wish to follow the program step-by-step using paper and 
pencil to note the contents of each register as you go along, trying 
to match an unknown number. The DBUG program now contained 
in the Blacksburg Continuing Education Series, "‘DBUG; An 8080 
Interpretive Debugger'' may also be used with a teletypewriter or ter¬ 
minal to follow the flow of the program. The completely assembled 
program is shown in Example 2-2. 

/EXAMPLE 2-2 

/PROGRAM FOR 8-BlT SUCCESSIVE APPROXIMATION 

/A-TO-D CONVERTER 

*003 000 

003 000 227 START, SUBA /CLEAR A 

003 001 001 LXIB /LOAD REG PAIR B 
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003 002 000 


000 

/C = 0 

003 003 200 


200 

/B = 10000000 

003 004 026 


MVID 

/SET UP COUNTER = 8 

003 005 010 


010 


003 006 260 

AGAIN, 

ORAB 

/OR A WITH B 

003 007 117 


MOVCA 

/STORE DATA IN C 

003 010 323 


OUT 

/OUTPUT IT TO DAC 

003 on 027 


027 


003 012 333 


IN 

/INPUT COMPARATOR STATUS 

003 013 001 


001 


003 014 346 


ANI 

/MASK OUT UNWANTED BITS 

003 015 040 


040 


003 016 312 


JZ 

/IS IT GREATER THAN UNKNOWN VOLTAGE? 

003 017 025 


OK 

/ NO, GO TO OK 

003 020 003 


0 


003 021 170 


MOVAB 

/YES, GET TEST PAHERN 

003 022 057 


CAAA 

/COMPLEMENT IT 

003 023 241 


ANAC 

/SET BIT TESTED TO A 0 

003 024 117 


MOVCA 

/STORE DATA IN C 

003 025 170 

OK, 

MOVAB 

/GET TEST PAnERN 

003 026 037 


RAR 

/ROTATE TEST PAHERN RIGHT 

003 027 107 


MOVBA 

/PUT IT BACK 

003 030 171 


MOVAC 

/GET THE DATA TO REG A 

003 031 025 


DCRD 

/DECREMENT LOOP COUNT, D = 0? 

003 032 302 


JNZ 

/NO, TEST THE NEXT BIT 

003 033 006 


AGAIN 


003 034 003 


0 


003 035 166 

DONE, 

HLT 

/HALT WITH FINAL VALUE IN REG A 


This program performs an 8-bit successive-approximation conver¬ 
sion. Programs for more than eight bits become more complex since 
multiple bytes are required for the test-bit patterns and the accumulat¬ 
ing result. A 10-bit successive-approximation A/D converter experi¬ 
ment is included in Unit 7. Of course, a 10-bit D/A converter is 
required, too. 

Using the software shown in Example 2-2, an 8-bit conversion will 
take about 240 microseconds (we have assumed a 500-nanosecond 
8080 clock). The conversion time will be the same, regardless of the 
value of the imknown voltage being digitized, since each bit position 
must be tested. The sampling and digitizing may be represented as 
shown in Fig. 2-6. 

If you look at Fig. 2-6 carefully, you will notice that some oJ 
the voltages output by the D/A converter were above the unknown 
voltage and others were below the unknown voltage. The matching 
process takes place until the D/A converter’s output finally “homes 
in” on the unknown voltage. 

The successive-approximation A/D converter may be applied tc 
the instrument signal digitizing problem first shown in Fig. 2-4, 
where a ramp-type A/D converter was used to digitize a peak volt- 
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Fig. 2-6. Timing diagram for a succassiya-approximation A/l> convertor. 


age. When a faster, successive-approximation A/D converter is ap¬ 
plied to the problem, the outputs look like those shown in Fig. 2-7. 

Again the software-based, successive-approximation converter is 
too slow to “catch” the actual peak value and the actual value present 
at the end of the conversion is lower than the real peak value. There 
is an important difference between the attempts of the ramp A/D 
converter and the successive-approximation converter to perform the 
conversion. When the ramp converter was used, the conversion was 
completed when the ramp voltage and the instrumenfs output co¬ 
incided. When the successive-approximation A/D converter is used 
there is coincidence, but the converter is still testing bits when the 
coincidence occurred. The conversion process will continue until all 
of the bits have been tested. This means that the final four or five bit¬ 
testing sequences will attempt to match the decreasing instrument 
output. Thus, at the end of the successive-approximation conversion 


Fig. 2-7. Timing relationship between the 
output of an instrument and the attempt 
of a software-based, successive-approxima¬ 
tion A/D converter to digitize the peak 
voltage. 
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there is a large difference between the actual instrument output and 
the value provided by the conversion software. This is a real problem 
and it must always be considered when there is the possibility of the 
signal changing faster than the converter can keep up with it. There 
are ways to solve this problem, as you will see later. 

There are some applications where it may be effective to use a 
software-based, successive-approximation A/D converter. However, 
successive-approximation A/D converter modules with high conver¬ 
sion speeds are available at moderate cost. Here are some representa¬ 
tive samples from three manufacturers: 

Analog Devices, Inc., Norwood, MA 02062 

ADCIOZ 10-bit 10-/>tsecond conversion time 

AD7570 10-bit 20-/isecond conversion time 

Burr-Brown Research Corp., Tucson, AZ 85734 

ADC80AG-10 10-bit 18-/i.second conversion time 

ADC80AG-12 12-bit 25-/i,second conversion time 

Datel Systems, Inc., Canton, MA 02021 

ADCHY12BC 12-bit 8-/£second conversion time 

With the exception of the Analog Devices AD7570 converter, al 
of the others have many input ranges, ±2.5 volts, ±5 volts, ±1( 
volts, 0-5 volts and 0-10 volts being typical. The AD7570 device 
is interesting since it is a monolithic complementary metal-oxide semi 
conductor circuit with three-state outputs. It is easily interfaced tc 
microcomputer systems. Many A/D converter modules are availabl* 
with various output codes. The binary and binary-coded decima 
(BCD) codes will be the only ones considered in this book. 

It has been our purpose in this section to show you how the ram] 
and successive-approximation analog-to-digital conversion method: 
work and to show you how software may be used to perform th< 
conversions. Most people will be interested in interfacing some o 
the converter modules rather than in using the software-based con 
verters. The next section of this unit describes the interfacing cir 
cuitry and software used with modular A/D converter interfacing 

INTERFACING A/D CONVERTER MODULES 

While the software-controlled A/D converters may be useful ii 
some situations, most users will probably choose the prepackage 
A/D converter modules. In this section we will investigate how ai 
8-bit and a 10-bit A/D converter module may be interfaced to ; 
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microcomputer. We will also discuss what we can do with the con¬ 
verter and such things as data-display files and data-acquisition timing. 

Interfacing an 8-Bit Converter 

Most analog-to-digital converters do not perform conversions one 
right after another as fast as they can, so there is more to A/D con¬ 
verter interfacing than just requesting a value and inputting it. Con¬ 
verters will generally perform a single conversion when they are 
signaled to do so by the computer. This signal is a TTL-compatible 
START or CONVERT pulse, which is easily generated under soft¬ 
ware control. The pulse may be either a logic zero or a logic one, 
depending upon the individual converter module chosen. 

Since the A/D converter takes some time to perform the conver¬ 
sion, from a few microseconds to many milliseconds, we must not 
expect that the unknown signal has been digitized as soon as the 
START pulse has been received by the A/D converter. In most cases 
the A/D converter will have a status or flag output, which indicates 
that it is BUSY or that it is DONE. When the converter signals that 
it is done, the digital outputs are a true representation of the un¬ 
known voltage. 

A typical interface for an 8-bit A/D converter requires an 8-bit, 
three-st ate inp ut port for the data, a three-state input port for the 
DONE/BUSY flag and an output pulse to start the converter. A typi¬ 
cal interface is shown in Fig. 2-8. The software which may be used 
to control the module is also shown in Example 2-3. The program 
is written as a subroutine that starts a conversion within the A/D 
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Fig. 2-8. A typical 8-bit A/D converter module interfaced to a microcomputer. 
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converter module by pul sing th e START input and that senses the 
condition of the DONE/BUSY flag. When the conversion is com¬ 
pleted, the 8-bit value is input into the 8080’s A register. 

The subroutine does not store the data in the computer’s memory, 
but leaves it in the A register. Steps to store the data in a memory 
location could be added if they are needed. Actually, interfaces and 
software for 8-bit A/D converters are fairly simple. 

The 8-bit A/D converters have a definite place in some systems, 
but some users require more resolution, or the ability to divide their 
signals into smaller portions, as provided by 10- or 12-bit A/D 
converters. These converters are more difficult to interface since 
multiple bytes are required for data transfer and data storage. Since 
these multibyte devices are the more general case, we have chosen 
to explore them in more detail than the 8-bit converters. 

/example 2-3 

/TYPICAL 8 BIT ADC CONTROLLED SUBROUTINE 

/EIGHT BIT BINARY VALUE IS RETURNED IN 

/THE A REGISTER 

*000 000 


000 

000 

323 

CONV, 

OUT 

/START THE CONVERTER 

000 

001 

037 


037 


000 

002 

333 

TEST, 

IN 

/INPUT THE STATUS BIT 

000 

003 

066 


066 


000 

004 

346 


ANI 

/MASK OUT ALL UNWANTED BITS 

000 

005 

200 


200 


000 

006 

312 


JZ 

/IS IT DONE? 

000 

007 

002 


TEST 

/NO, FLAG = 0, TEST AGAIN 

000 

010 

000 


0 


000 

on 

333 


IN 

/YES, FLAG = 1, INPUT DATA 

000 

012 

065 


065 


000 

013 

311 


RET 

/DONE, RETURN WITH VALUE IN A 


Interfacing a 10-Bit A/D Converter 

The 10-bit A/D converters are used in situations where their reso¬ 
lution of one part in 1024 is required. Interfacing a 10-bit A/D 
converter to a microcomputer is not difiicult since the same interface 
elements used with the 8-bit A/D converter are still used with the 
10-bit device. Three-state input ports are used to input data and flag 
information and an output pulse is still used to start the conversion 
process. 

Input and output of data words that are longer than eight bits re¬ 
quires that the data be transferred in two or more 8-bit bytes. This 
was the case for the 10-bit D/A converter that was described in 
Unit 1; two 8-bit bytes were used to transfer data to the 10-bit con¬ 
verter, even though only two bits in one of the data words were used. 
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BUS 


TO 8080 DATA 
BUS 


Fig. 2-9. A typical 1(Kbit A/D converter module interfaced to an 8-bit microcomputer, 
through the data bus. 


When we attempt to interface a 10-bit A/D converter to the com¬ 
puter, we may find that an additional input port is required for the 
two additional bits of data. We can use the same type of interface as 
that used with the 8-bit A/D converter since there are spare, unused 
bits available on one of the input ports. The complete interface is 
shown in Fig. 2-9. 

Since two bytes of data are to be input, the software used to con¬ 
trol the A/D converter must be changed to reflect this. A complete 
program listing is provided in Example 2-4. 

The A/D converter’s status flag output may be tested in the same 
way that it was tested in the 8-bit A/D converter program, with an 
AND instruction being used to mask out the unwanted bits. However, 
if two of the unused bits of the three-state input port used for the 
flag condition input are now being used to input data, too, the and 
operation will “destroy” the two data bits and this information will 
have to be input once again. An addition instruction has been chosen 
to replace the AND instruction. By adding a one to the most signifi¬ 
cant bit, an overflow or carry will take place if the MSB is a one. 
If the MSB is a zero, no carry will take place. This is a particularly 
useful operation for us since zeros will be added to the other bit 
positions. It should be noted that 0 + X = X, so the other seven bits 
will be unaffected by this addition operation. 

Additional instructions have been incorporated in the software 
shown in Example 2-4 to store the A/D converter’s data within the 
B and C registers. Register B will contain the A/D converter’s two 
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most significant bits in positions D1 and DO. Register C will contain 
the other eight bits, D7 through DO. 

The program also includes PUSH and POP instructions so that 
the contents of the A register and the flags are preserved during the 
A/D converter control process. In cases such as this, it is useful to 
have the main program call the ADC subroutine and then store the 
data, rather than having the ADC subroutine perform all of these 
functions. This will keep the ADC subroutine as general as possible 
so that other sections of the program may have access to it, too. 

/EXAMPLE 2-4 

/ADC INPUT ROUTINE FOR A 10-BIT 

/CONVERTER. TWO MSB'S RETURNED IN REG B 
/AND THE 8 LSB'S RETURNED IN REGISTER C 


*003 000 


003 

000 

365 

ADC, 

PUSHPSW 

/SAVE REG A & FLAGS 

003 

001 

323 


OUT 

/START A CONVERSION 

003 

002 

037 


037 


003 

003 

333 

TEST, 

IN 

/INPUT STATUS & 2 MSB'S 

003 

004 

066 


066 


003 

005 

306 


ADI 

/ADD 1 TO THE FLAG BIT TO 

003 

006 

200 


200 

/CAUSE A CARRY IF IT IS SET 

003 

007 

322 


JNC 

/NO OVERFLOW, CHECK IT AGAIN 

003 010 

003 


TEST 


003 

on 

003 


0 


003 

012 

107 


MOVBA 

/FLAG 1, SO SAVE MSB'S 

003 

013 

333 


IN 

/INPUT LSB'S 

003 

014 

065 


065 


003 

015 

117 


MOVCA 

/STORE THEM IN REG C 

003 

016 

361 


POPPSW 

/RESTORE REG A & FLAGS 

003 

017 

311 


RET 

/RETURN 


Two additional programs are also provided, Example 2-5 and Ex¬ 
ample 2-6. In each, instructions are provided to store in read/write 
memory the data obtained from the 10-bit A/D converter. The pro¬ 
gram in Example 2-5 shows one way in which this may be done. If 
registers B and C contained needed values before this subroutine was 
called, the data stored in these two registers will be “lost” since the 
registers are also being used in the ADC subroutine for temporary 
data storage. 


004 000 061 
004 001 000 
004 002 060 


/EXAMPLE 2-5 

/THIS PROGRAM CALLS THE "ADC" SUBROUTINE 
/AND THEN STORES THE 10 BITS OF DATA IN 
/A FILE IN R/W MEMORY 

*004 000 

LXISP /LOAD A STACK POINTER VALUE 
000 
060 
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004 003 041 

LXIH 

/LOAD THE MEMORY POINTER 

004 004 000 

000 

/LOW ADDR=: 000 

004 005 061 

061 

/HIGH ADDR=z: 061 

004 006 315 

CALL 

/CALL THE CONVERSION ROUTINE 

004 007 000 

ADC 


004 010 003 

0 


004 on 161 

MOVMC 

/STORE THE 8 LSB'S IN MEMORY 

004 012 043 

INXH 

/INCREMENT THE ADDRESS 

004 013 043 

MOVMB 

/STORE THE S MSB'S 

004 014 160 

INXH 

/INCREMENT AGAIN 

0D4 015 000 

0 

/ADDITIONAL SOFTWARE WILL CONTINUE 

004 012 043 

INXH 

/FROM THIS POINT 


The program shown in Example 2-6 shows how PUSH and POP 
instructions may be used in the main program to save the contents of 
the B and C registers and then restore the values after the ADC sub¬ 
routine and the data storage section of the main program have com¬ 
pleted their execution. The PUSHB and POPB instructions could not 
be used in the ADC subroutine if we wished to have access to the 
10-bit value from the A/D converter. If the PUSHB and POPB in¬ 
structions are used in the subroutine, the following sequence would 
take place whenever the ADC subroutine is used; the old values in 
the B and C registers would be stored on the stack, the B and C 
registers would be used for storage of the A/D converter’s data, the 
pop operation would then restore the old values back into registers B 
and C and the return operation would return control to the main 
program. Thus, the data from the A/D converters would not be avail¬ 
able. You must always be cautious in your use of the stack operations. 
Remember: The stack pointer must he set to an available area of 
read/write memory before any stack operations are used. 


/EXAMPLE 2-6 

/THIS SOFTWARE WILL PERFORM A CONVERSION 
/AND STORAGE OF THE DATA, BUT REGISTERS 
/B & C ARE PRESERVED 




*004 000 

004 000 

061 

LXISP 

004 001 

000 

000 

004 002 

060 

060 

004 003 

041 

LXIH 

004 004 

000 

000 

004 005 

061 

061 

004 006 

305 

PUSHB 

004 007 

315 

CALL 

004 010 

000 

ADC 

004 on 

003 

0 

004 012 

161 

MOVMC 

004 013 

043 

INXH 


/LOAD THE STACK POINTER 

/LOAD THE MEMORY POINTER 

/SAVE REG B & C ON THE STACK 
/CALL THE CONVERSION ROUTINE 

/THIS STORES THE DATA 
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/THIS RESTORES REG B & C 
/ADDITIONAL SOFTWARE WILL BE 
/ADDED HERE 


USING A/D CONVERTERS FOR DATA ACQUISITION 

Using analog-to-digital converters with microcomputers allows data 
to be acquired at a maximum rate of about 20,000 points per second. 
This approximation was made using an 8-bit converter with a simple 
input program and program steps which would be used to store the 
data and perform various software “overhead” tasks such as count¬ 
ing the number of data points acquired. Data cannot be acquired for 
very long if this data acquisition rate is to be maintained since the 
computer will quickly run out of available read/write memory in 
which to store the data. Slower data rates of 10 to 25 points per sec¬ 
ond are more reasonable for many measurements. 

In this section, we will examine the use of a small computer to 
acquire temperature data from a greenhouse over a 24-hour period. 
Temperature data will be taken every 10 minutes using a 10-bit A/D 
converter which has been interfaced according to the schematic pre¬ 
sented previously in Fig. 2-9, 

We will assume that the sensor is normalized to have an output of 
0-5 volts, which is the range of the A/D converter’s analog input. 
A thermocouple or bridge circuit could be used, but newer, solid- 
state devices such as the National Semiconductor LM3911 tempera¬ 
ture-controller chip might be easier to use; the LM3911 provides a 
voltage output that is directly proportional to degrees centigrade 
(Celsius). 

Since the data from the temperature sensor is to be acquired over 
a 24-hour period with a 10-minute interval between points, 144 mea¬ 
surements will be made by the 10-bit A/D converter. Each 10-bit 
binary value will require two 8-bit memory locations for storage. The 
computer is expected to store the data for the 24-hour period and 
then halt so that the data may be examined. 

A 10-minute time-delay program has been written and it will be 
used to “delay” the computer between the acquisition of the tempera¬ 
ture values. Tlie actual time required to execute the data acquisition 
steps and the data storage steps, plus the time needed by the con¬ 
verter to perform the conversion is small (100 to 200 microseconds) 
when compared to the 10-minute time interval between temperature 
readings. The 10-minute time delay program is a general one and it 
does not take these relatively short periods into account. A completely 
assembled data-acquisition program is provided in Example 2-7. 


004 014 160 AAOVMB 

004 015 043 INXH 

004 016 301 POPB 

004 017 000 0 
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/EXAMPLE 17 

/DATA ACQUISITION PROGRAM FOR A 10-BIT 
/ADC SAMPLING 144 POINTS AT ONE POINT 
/EVERY 10 MINUTES 


003 000 061 

START, 

*003 000 
LXISP 

003 001 377 


377 

003 002 003 


003 

003 003 026 


MVID 

003 004 220 


220 

003 005 041 


LXIH 

003 006 000 


000 

003 007 002 


002 

003 010 323 

CONVERT, 

OUT 

003 on 037 


037 

003 012 333 

TEST, 

IN 

003 013 066 


066 

003 014 306 


ADI 

003 015 200 


200 

003 016 322 


JNC 

003 017 012 


TEST 

003 020 003 


0 

003 021 107 


MOVBA 

003 022 333 


IN 

003 023 065 


065 

003 024 167 


MOVMA 

003 025 043 


INXH 

003 026 160 


MOVMB 

003 027 043 


INXH 

003 030 025 


DCRD 

003 031 312 


JZ 

003 032 073 


DONE 

003 033 003 


0 

003 034 315 


CALL 

003 035 042 


DELAY 

003 036 003 


0 

003 037 303 


JMP 

003 040 010 


CONVRT 

003 041 003 


0 


/LOAD STACK POINTER FOR SUBROUTINES 


/LOAD D AS A 144 POINT COUNTER 

/220 = 144 DECIMAL 

/LOAD H & L AS MEMORY POINTERS 


/START A CONVERSION 

/INPUT FLAG BIT 

/ADD 1 TO FLAG BIT TO CAUSE 

/A CARRY IF IT IS SET 

/NO OVERFLOW, CHECK IT AGAIN 


/SAVE THE AASB'S 
/INPUT 8 LSB^S 

/STORE THEM IN MEMORY 
/INCREMENT MEMORY POINTER 
/STORE 2 MSB'S, TOO 

/DECREMENT THE POINT COUNT 
/IS IT = 0? 

/YES, DONE 

/NO, CALL TIMER DELAY 


/GO BACK AND DO IT AGAIN 


003 042 365 DELAY, 

003 043 305 

003 044 325 

003 045 021 

003 046 260 

003 047 004 

003 050 001 TIMEl, 

003 051 303 

003 052 242 

003 053 013 TIME2, 

003 054 170 

003 055 261 

003 056 302 


/THIS IS A 10-MINUTE DELAY SUBROUTINE 

PUSHPSW 

/SAVE REGISTERS AND FLAGS 

PUSHB 

PUSHD 

LXID 

/DO 1200 LOOPS OF 0.5 SEC EACH 

260 

/DELAY LOOP 

004 

LXIB 

/DELAY TIME LOOP 0.5 SEC 

303 

/CONSTANTS FOR 500 NSEC CLOCK 

242 

DCXB 

/DECREMENT REG PAIR B 

MOVAB 

/GET B 

ORAC 

/OR IT WITH C 

JNZ 

/IF NOT 0, DO IT AGAIN 



003 057 

053 

TIME2 


003 060 

003 

0 


003 061 

033 

DCXD 

/DECREMENT SECOND COUNTER 

003 062 

172 

AAOVAD 

/GET D 

003 063 

263 

ORAE 

/OR IT WITH E 

003 064 

302 

JNZ 

/IF NOT DONE, GO BACK TO 

003 065 

050 

TIMEl 


003 066 

003 

0 


003 067 

321 

POPD 

/RESTORE REGISTERS & FLAGS 

003 070 

301 

POPB 


003 071 

361 

POPPSW 


003 072 

311 

RET 

/RETURN AFTER 600 SECONDS 



/THE PROGRAM HALTS HERE WHEN IT IS "DONE." 

003 073 

166 DONE, 

HIT 

/END OF PROGRAM 


DATA-ACQUISITION TIMING 

The program provided in Example 2-7 will work well, acquiring i 
10-bit temperature value every 10 minutes, but the DELAY subrou 
tine will “tie-up” the computer and prevent it from doing other tasks 
In a program such as this, the computer is dedicated to the tempera¬ 
ture measurement software, but there are hardware and software 
methods which will help to eliminate this problem. 

You will quickly find that software timing loops monopolize the 
computer’s time. Certainly the computer cannot be performing othe 
software tasks while it is also executing a time-delay program. Foi 
short time delays it may be possible to use the computer solely for the 
delay of the program. Even long delays such as the 10-minute DE¬ 
LAY subroutine are acceptable if the computer has no other tasks tc 
perform. If interrupts are used in a computer system and a program 
mer has relied upon software time-delay loops, the actual time delay; 
may be longer than expected. This happens when the time-delay loop! 
are interrupted by an external device. Since the interrupting device’: 
software will require a finite amount of computer execution time, th( 
overall time delay becomes longer than anticipated. In some system! 
this is an important consideration. 

In the greenhouse temperature measurement example, there ar< 
currently no interrupting devices connected to the computer. To avoic 
future problems, it might be best to consider an alternative to th( 
time-delay software such as that used in the DELAY subroutine. 

An external real-time clock will be used instead of the software de 
lay loop for timing the 10-minute intervals. This type of a clock h 
independent of software execution time and it will accurately tim< 
periods which will not be affected by interrupts. Generally, a crysta 
oscillator and an appropriate series of digital divider or counter cir 
cuits are used to provide a series of accurate frequencies or time pe 
nods. A typical clock is shown in Fig. 2-10. 
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Fig. 2-10. Block diagram of a stable crystal oscillator and frequency dividers used in a 
real-time clock circuit. 


Additional dividers or counters (they perform the same function) 
could be added to the crystal clock to provide other time periods or 
frequencies. The greenhouse temperature data-acquisition system 
would require a 10-minute, or 600-second, period, so additional 
counters would be needed. Many fast data-acquisition systems would 
require only the higher frequencies. 

The time periods provided by a real-time clock are usually sensed 
in one of two ways; with a polled flag that is sensed under program 
control or with an interrupt that is independent of program control. 
Both methods are important and they will be discussed in detail. 

Polled Flag Timers 

In this example of a polled flag timer, a simple flip-flop will be used 
to detect the positive edge of one of the crystal clock’s divider outputs. 
The clock period is assumed to be 10 minutes, so a positive edge will 
occur only once every 10 minutes. The necessary circuitry to imple¬ 
ment a simple polled flag timer is shown in Fig. 2-11. 



Fig. 2-11. A typical interface for a polled flag timer. The state of the flag is input to 
the computer on the data bus, bit DO. 


A short software example that illustrates the use of an external 
flag-timer circuit is shown in Example 2-8. When this portion of the 
program is executed, the status of the flag is input and tested. If the 
flip-flop’s output is a logic zero (still timing), the computer exe- 
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cutes instructions that cause it to jump around the A/D convertei 
control steps to CONT where it continues program execution. If iht 
flip-flop’s output is a logic one (timer finished), the computer exe¬ 
cutes the calls to the ADC and the STORE subroutines. The ADC 
subroutine inputs the A/D converters 10 bits of data and the STORE 
subroutine stores the data in read/write memory. This software would 
be incorporated in the computer’s main program, MAIN TASK. The 
ADC subroutine has been encountered before in Example 2-4. The 
STORE subroutine is not illustrated since we are not sure how we 
want to store the data. This will be explored in further examples. 


/EXAMPLE 2-8 

/FLAG SENSING SOFTWARE USED WITH THE ADC 
/SUBROUTINE AND A STORE SUBROUTINE 


*003 126 


003 

126 

333 

IN 

/INPUT THE TEST FLAG 

003 

127 

173 

173 


003 

130 

346 

ANI 

/AAASK OUT ALL OTHER BITS 

003 

131 

001 

001 

/AAASK= 00000001 

003 

132 

312 

JZ 

/NO FLAG, CONTINUE 

003 

133 

145 

CONT 


003 

134 

003 

0 


003 

135 

323 

OUT 

/CLEAR THE FLAG FLIP-FLOP 

003 

136 

173 

173 


003 

137 

315 

CALL 

/FLAG FOUND, DO A CONVERSION 

003 

140 

000 

ADC 


003 

141 

100 

0 


003 

142 

315 

CALL 

/STORE THE DATA IN MEMORY USING 

003 

143 

000 

STORE 

/THIS CALL TO A STORAGE SUBROUTINE 

003 

144 

200 

0 

/WHICH YOU ADD TO THE PROGRAM 

003 

145 

000 

0 

/CONTINUE WITH THIS INSTRUCTION 


/IF NO FLAG IS FOUND OR AFTER AN 
/ADC INPUT 


In the second example of a polled flag timer’s software, Example 
2-9, a single subroutine, ADCSTR, is used to replace the ADC and 
STORE subroutines discussed in Example 2-8. The new ADCSTR 
subroutine is completely transparent since all of the registers that will 
be used are first stored in the stack with PUSH instructions and latei 
restored with POP instructions. The ADCSTR subroutine will per¬ 
form a single, 10-bit conversion using the A/D converter previously 
interfaced to the computer. The 10-bit data value is then stored in 
locations 005 000 and 005 001. This software does not set up a data 
file, although that could be done. Only the current 10-bit data value 
is retained. Perhaps the MAIN TASK program uses it in some way, 
adding it to the data in the data file. 
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/EXAMPLE 2-9 

/TYPICAL FLAG SENSING SOFTWARE USED WITH 
/THE ADC AND STORE SUBROUTINES 


003 

126 

333 

*003 126 
IN 

003 

127 

173 

173 

003 

130 

346 

AN! 

003 

131 

001 

001 

003 

132 

312 

JZ 

003 

133 

142 

CONT 

003 

134 

003 

0 

003 

135 

323 

OUT 

003 

136 

173 

173 

003 

137 

315 

CALL 

003 

140 

000 

ADCSTR 

003 

141 

010 

0 

003 

142 

000 CONT, 

0 


*010 000 


010 

000 

365 

ADCSTR, 

PUSHPSW 

010 

001 

305 


PUSHB 

010 

002 

345 


PUSHH 

010 

003 

323 


OUT 

010 

004 

037 


037 

010 

005 

333 

CHK, 

IN 

010 

006 

066 


066 

010 

007 

306 


ADI 

010 

010 

200 


200 

010 

on 

322 


JNC 

010 

012 

005 


CHK 

010 

013 

010 


0 

010 

014 

117 


MOVCA 

010 

015 

333 


IN 

010 

016 

065 


065 

010 

017 

041 


LXIH 

010 

020 

000 


NEWVAL 

010 

021 

005 


0 

010 

022 

167 


MOVMA 

010 

023 

043 


INXH 

010 

024 

161 


MOVMC 

010 

025 

341 


POPH 

010 

026 

301 


POPB 

010 

027 

361 


POPPSW 

010 

030 

311 


RET 

*005 000 

005 

000 

000 

NEWVAL, 

0 

005 

001 

000 


0 


/INPUT THE TEST FLAG 

/MASK OUT ALL OTHER BITS 
/MASK= 00000001 
/NO FLAG, CONTINUE 


/CLEAR THE FLAG FLIP-FLOP 

/CALL A SUBROUTINE TO INPUT AND 
/STORE A NEW VALUE IN A MEMORY 
/LOCATION CALLED NEWVAL 
/CONTINUE WITH THIS INSTRUCTION 
/IF NO FLAG IS FOUND OR AFTER AN 
/ADC INPUT 

/SAVE REGISTER A & FLAGS 
/SAVE REGISTERS B & C 
/SAVE REGISTERS H & L 
/START THE CONVERTER 

/INPUT STATUS BIT 

/CHECK THE FLAG 

/BY ADDING 1 TO IT 

/IF NOT DONE, CHECK AGAIN 


/2 MSB^S ARE SAVED IN C 
/INPUT 8 LSB^S 

/SET UP MEMORY POINTERS 


/STORE THE 8 LSB^S 
/INCREMENT THE MEMORY POINTER 
/STORE THE 2 MSB'S 
/RESTORE THE REGISTERS 


/RETURN TO THE MAIN PROGRAM 

/8 LSB'S STORED HERE 
12 MSB'S STORED HERE 


When the flag’s logic-one state is detected and when the computer 
starts to execute the ADCSTR subroutine, it will take some time for 
the computer to complete the tasks in the ADCSTR subroutine and 
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resume execution of the MAIN TASK program at symbolic address 
CONT. The time taken to execute ADCSTR will delay the execution 
of the MAIN TASK program. In this case, the time is not significant, 
but it is precisely this uncertainty in computer program execution 
times that led to the development of the real-time clock. 

In both of these software examples (Examples 2-8 and 2-9), the 
flag-checking and decision-making steps had to be added to the 
MAIN TASK program so that the timer could be checked, and its 
condition acted upon by the computer. If the MAIN TASK program 
is executed very quickly, so much the better, but lengthy tasks may 
cause some uncertainty in the time delay since it is impossible to 
know when the computer will get back to the added flag-checking 
portion of the program. The real-time clock itself is independent of 
the software being executed, but software is still needed to check the 
flag. If MAIN TASK can go through this portion of the program 
every 50 or 100 milliseconds, then the maximum time between tem¬ 
perature readings would be 10 minutes and 1/lOth second. If, how¬ 
ever, MAIN TASK takes a few minutes to get back to the flag-check¬ 
ing steps, the maximum time between temperature readings may be 
12, 13, or more minutes. This is unreasonable. 

Inferrupt Timers 

Interrupts appear to be an attractive alternative to flag timers since 
the interrupts will be serviced almost immediately by the computer. 
If interrupts are to be used with an 8080-based system, it will be our 
responsibility to enable the interrupt and to construct an interrupt 
flag and an interrupt instruction port so that a single-byte restart in¬ 
struction, RST7, will be gated into the 8080 when an interrupt occurs. 
We will assume that there is only this single interrupting device. 

You should recall that a restart instruction will cause the 8080 
microcomputer to call a subroutine at a special vector address. In this 
case, it will be a call to the subroutine at location 000 070. This 
means that a restart instruction of 377 (RST7) must be gated into 
the 8080 when the interrupt is acknowledged. Remember: A stack 
must be established in read/write memory before you use restart 
instructions. 

The same flag circuitry used with the polled flag timer will be used 
in this example. The circuit is shown in Fig. 2-12. You will note that 
the only difference between this circuit and the polled flag circuit 
(Fig. 2-11) is the addition of an interrupt signal, TO INTERRUPT. 
This is connected to the 8080 microprocessor chip’s interrupt-input 
pin, pin 14. An interrupt-instruction port is shown in Fig. 2-13. An 
SN74S240 8-bit, three-state buffer has been used to supply the 377 
instruction (RST7) when the buffer is enabled with the interrupt ac¬ 
knowledge signal, INTA. 
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Fig. 2-12. Interrupt flag circuit. The flag may be tested using either an interrupt or a 
polled software operation. 


A positive edge applied to the clock input of the D-type flip-flop 
will now cause an interrupt that will be serviced or acknowledged by 
the 8080 immediately after it finishes executing its current instruction. 
This response time is in the order of a few microseconds. When the 
8080 acknowledges the interrupt, the RST7 instruction is gated onto 



Fig. 2-13. Interrupt-instruction port set up for the RST7 or 377 instruction. An SN74S240 
integrated circuit is used as a three-state input. 
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the data bus and into the 8080’s instruction register where it is de¬ 
coded to instruct the 8080 to perform the call to the subroutine start¬ 
ing at address 000 070. The analog-to-digital converter’s service pro¬ 
gram starts at that address. 

The interrupt-service subroutine shown in Example 2-10 has some 
interesting features. Notice that the A/D converter is started before 
the two PUSH instructions are executed. Since the OUT instruction 
does not alter any of the 8080’s registers, this is certainly valid. Start¬ 
ing the conversion first saves time since the converter will be per¬ 
forming the conversion while the two PUSH instructions are being 
executed. When an 8080 with a 500-nanosecond clock period is used, 
this saves 11 microseconds, so the A/D conversion is almost complete 
if we are using a fast, successive-approximation A/D converter such 
as the Analog Devices AD 7570, The LHLD instruction loads regis¬ 
ter pair H with the address to point to the data storage locations. This 
adds another eight microseconds to the time between the start of the 
conversion and the end-of-conversion flag-checking steps. 

If enough instructions are placed between the command used to 
start the conve rsion pr ocess and the commands used to check the state 
of the DONE/BUSY flag, the flag checking may not be necessary. 
The converter will have completed the conversion process by the time 
that the computer is ready to input the data. In this case you may be 
able to do away with the flag-checking steps and input the data di¬ 
rectly. This technique should be used only when you know exactly 
how long the conversion process will take and when that time is 
shorter than the time that the computer will require for its software 
“overhead” tasks. 

The software in Example 2-10 will continue to input and store tem¬ 
perature values every 10 minutes until we disable it in some way. 
Additional software might be added to count the 144 data points over 
24 hours, or this could be included in the MAIN TASK program. 
MAIN TASK could access and use the address value stored at POINT 
to determine how many points had been input and stored. The point¬ 
counting software might also have been added to the A/D converter 
service subroutine, ADCS VC. The program may be disabled simply 
by disabling the interrupt enable flag with a disable interrupt instruc¬ 
tion, Di, 363. This brings up an important point. Only an enable- 
interrupt instruction and a load-stack-pointer instruction are needed 
in MAIN TASK to implement this interrupt-based solution to the 10- 
minute timing problem. There is no software to check a flag or to 
delay the execution of MAIN TASK. 

The second interrupt software example (Example 2-11) is com¬ 
plete, since it includes instructions which are used to build a 144-point 
data file and the program will branch to DONE when all of the points 
have been acquired. 
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/EXAMPLE 2-10 

/10-BIT ADC INTERRUPT SERVICE SUBROUTINE 
/DATA FILE STARTS AT THE ADDRESS STORED AT POINT 
*000 070 


000 070 323 

ADCSVQ 

OUT 

/START THE CONVERTER 

000 071 037 


037 


000 072 365 


PUSHPSW 

/SAVE THE REGISTER & FLAGS 

000 073 345 


PUSHH 

/SAVE REGISTERS H & L 

000 074 052 


LHLD 

/GET MEAAORY POINTERS INTO H & L 

000 075 000 


POINT 

/SO THE DATA AAAY BE STORED 

000 076 120 


0 


000 077 333 

TEST, 

IN 

/INPUT THE FLAG BIT 

000 100 066 


066 


000 101 306 


ADI 

/ADD A 1 TO THE FLAG BIT 

000 102 200 


200 


000 103 322 


JNC 

/IS IT A 1? 

000 104 077 


TEST 

/NO, NOT DONE YET 

000 105 000 


0 


000 106 107 


MOVBA 

/YES, ADC DONE, STORE 2 MSB'S IN B 

000 107 333 


IN 

/INPUT 8 ISB'S 

000 no 065 


065 


000 111 167 


MOVMA 

/STORE THEM IN MEMORY 

000 112 043 


INXH 

/INCREMENT THE MEMORY POINTER 

000 113 160 


MOVMB 

/STORE THE 2 MSB'S IN MEMORY 

000 114 043 


INXH 

/INCREMENT MEMORY POINTER AGAIN 

000 115 042 


SHLD 

/SAVE THE STORAGE AREA ADDRESS 

000 116 000 


POINT 


000 117 120 


0 


000 120 341 


POPH 

/RESTORE REGISTERS H & L 

000 121 361 


POPPSW 

/RESTORE REGISTER A & FLAGS 

000 122 323 


OUT 

/CLEAR THE INTERRUPT FLAG 

000 123 173 


173 


000 124 373 


El 

/RE-ENABLE THE INTERRUPT 

000 125 311 


RET 

/RETURN TO MAIN PROGRAM 



*120 000 


120 000 000 

POINT, 

000 

/THIS IS WHERE THE ADDRESS OF THE ADC 

120 001 020 


020 

/STORAGE AREA IS KEPT. IN THIS PROGRAM 
/THE STORAGE AREA STARTS AT 
/ADDRESS 020 000. YOU COULD PLACE YOUR 
/OWN POINTER ADDRESS HERE, BUT THESE 
/TWO LOCATIONS MUST BE IN R/W MEMORY 


/EXAMPLE 2-11 

/THIS IS THE ADC INTERRUPT SERVICE SOFTWARE 
/WITH THE ADDITIONAL STEPS FOR A POINT 
/COUNTER AND EXIT TO A '^DONE" ROUTINE 
/WHEN ALL POINTS ARE ACQUIRED 


000 070 323 
000 071 037 
000 072 365 
000 073 325 
000 074 305 
000 075 345 


ADCSVQ 


*000 070 

OUT 

037 

PUSHPSW 

PUSHD 

PUSHB 

PUSHH 


/START THE CONVERTER 

/SAVE REGISTER A & FLAGS 
/SAVE REGISTERS D & E 
/SAVE REGISTERS B & C 
/SAVE REGISTERS H & L 
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000 076 052 


LHLD 

/GET THE POINT COUNT 

000 077 002 


COUNT 


000 100 120 


0 


000 101 353 


XCHG 

/EXCHANGE REG PAIR D & H 

000 102 052 


LMLD 

/GET MEMORY POINTERS INTO H & L 

000 103 000 


POINT 

/SO THE DATA MAY BE STORED 

000 104 120 


0 


000 105 333 

TEST, 

IN 

/INPUT THE FLAG BIT 

000 106 066 


066 


000 107 306 


ADI 

/ADD A 1 TO THE FLAG BIT 

OOO no 200 


200 


000 111 322 


JNC 

/IS IT A 1? 

000 112 105 


TEST 

/NO, NOT DONE YET 

000 113 000 


0 


000 114 107 


MOVBA 

/YES, ADC DONE, STORE 2 MSB'S IN B 

000 115 333 


IN 

/INPUT 8 LSB'S 

000 116 065 


065 


000 117 167 


MOVMA 

/STORE THEM IN MEMORY 

000 120 043 


INXH 

/INCREMENT THE MEMORY POINTER 

000 121 160 


MOVMB 

/STORE THE 2 MSB'S IN MEMORY 

000 122 043 


INXH 

/INCREMENT MEMORY POINTER AGAIN 

000 123 025 


DCRD 

/DECREMENT POINT COUNT 

000 124 312 


JZ 

/ALL POINTS TAKEN? 

000 125 146 


EXIT 

/YES, GO TO EXIT 

000 126 000 


0 


000 127 042 


SHLD 

/SAVE THE STORAGE AREA ADDRESS 

000 130 000 


POINT 


000 131 120 


0 


000 132 353 


XCHG 

/EXCHANGE REG PAIRS D & H 

000 133 042 


SHLD 

/SAVE THE POINT COUNT 

000 134 002 


COUNT 


000 135 120 


0 


000 136 341 


POPH 

/RESTORE REGISTERS H & L 

000 137 301 


POPB 

/RESTORE REGISTERS B & C 

000 140 321 


POPD 

/RESTORE REGISTERS D & E 

000 141 361 


POPPSW 

/RESTORE REGISTER A & FLAGS 

000 142 323 


OUT 

/CLEAR THE INTERRUPT FLAG 

000 143 173 


173 


000 144 373 


El 

/RE-ENABLE THE INTERRUPT 

000 145 311 


RET 

/RETURN TO A/IAIN PROGRAM 

000 146 341 

EXIT, 

POPH 

/RESTORE THE REGISTERS 

000 147 301 


POPB 


000 150 321 


POPD 


000 151 361 


POPPSW 


000 152 063 


INXSP 

/INCREMENT STACK POINTER PAST 

000 153 063 


INXSP 

/THE RETURN ADDRESS 

000 154 000 

DONE, 

0 

/PLACE ADDITIONAL SOFTWARE HERE 




/AND ON UP 



*120 000 


120 000 000 

POINT, 

000 

/THIS IS WHERE THE ADDRESS OF THE ADC 

120 001 120 


020 

/STORAGE AREA IS KEPT. IN THIS PROGRAM 


/THE STORAGE AREA STARTS AT 
/ADDRESS 020 000. YOU COULD PLACE YOUR 
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/OWN POINTER ADDRESS HERE, BUT THESE 
/TWO LOCATIONS MUST BE IN R/W MEMORY 

120 002 000 COUNT, 000 /THE POINT COUNTER IS STORED HERE IN THE 

120 003 220 220 /SECOND BYTE. THE FIRST BYTE IS NOT USED. 

1220 =: 144 DECIMAL 

This program is slightly more complicated than the program shown 
in Example 2-10 since we are going to branch out of a subroutine 
and we have no intention of using the return address stored on the 
stack during the computer’s execution of the restart or one-b 5 ^e call 
instruction. Two stack-pointer-increment instructions are used to 
move the stack pointer beyond the two addresses used to store the 
complete, two-byte return address. If you wish to have the computer 
use the return address, simply remove the two INXSP instructions 
and substitute two no-operation instructions in their places. 

The area of memory at symbolic address DONE has been left open 
so that an output or display software routine could be added to out¬ 
put the 144 temperature readings. You should note that by branch¬ 
ing to DONE, you will probably cease operation of the MAIN TASK 
program. 

Real-time clocks are very useful peripherals to have on a small 
computer system where accurate timing is important. Clocks may be 
as simple as the oscillator and counter chain that we have discussed 
previously, or more complex devices such as the Intel 8253 program¬ 
mable interval-timer integrated circuit or the Texas Instruments TMS- 
5501 multifunction I/O controller integrated circuit; each of these 
devices having programmable registers that may be set to a particular 
count. After the programmed number of counts has taken place, the 
device will either generate an interrupt or set a flag which may be 
sensed with software commands. Counting rates are determined by an 
external crystal clock. 


USING THE DATA 

Once the data from the temperature sensor has been acquired and 
stored in the computer’s memory, we must decide what we want to do 
with it. It could be output to a teletypewriter for a supervisor’s rec¬ 
ords, but this may not be meaningful since the data is stored as 10-bit 
binary voltage values and not as temperatures. Additional routines 
could be added to the software to convert the 10-bit binary data to 
temperatures, but a simpler output means is available. 

We will use a 10-bit D/A converter to output the data to a small 
oscilloscope for display after the 24-hour data acquisition period. 
This wiU give the farmer or nurseryman a profile of the temperature 
over the past 24 hours. The data might also be output to a strip-chart 
recorder to form a permanent record. 
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The software to be used for the display of the 10-bit values is simi¬ 
lar to that provided in Example 1-18. In this next software example, 
we will use the 10-minute software delay loop since it simplifies the 
overall software. Interrupt or flag timers could be used, but we have 
chosen not to use them for simplicity in the example. The software 
duplicates the program steps shown in Example 2-7, except that the 
display steps have been added in place of the halt instruction at 
DONE. The complete program is provided in Example 2-12. 

/EXAMPLE 2-12 

/DATA ACQUISITION & DISPLAY PROGRAM FOR 
/144 POINTS 
*003 000 


003 000 061 

START, 

LXISP 

/LOAD STACKER POINTER FOR SUBROUTINES 

003 001 377 


377 


003 002 003 


003 


003 003 026 


MVID 

/LOAD D AS A 144 POINT COUNTER 

003 004 220 


220 

/220 = 144 DECIA/IAL 

003 005 041 


LXIH 

/LOAD H & L AS MEMORY POINTERS 

003 006 000 


000 


003 007 002 


002 


003 010 323 

CONVRT, 

OUT 

/START A CONVERSION 

003 on 037 


037 


003 012 333 

TEST, 

IN 

/INPUT FLAG BIT 

003 013 066 


066 


003 014 306 


ADI 

/ADD 1 TO FLAG BIT TO CAUSE 

003 015 200 


200 

/A CARRY IF IT IS SET 

003 016 322 


JNC 

/NO OVERFLOW, CHECK IT AGAIN 

003 017 012 


TEST 


OOS 020 003 


0 


003 021 107 


MOVBA 

/SAVE THE MSB'S 

003 022 333 


IN 

/INPUT 8 LSB'S 

003 023 065 


065 


003 024 167 


MOVMA 

STORE THEM IN MEMORY 

003 025 043 


INXH 

/INCREMENT MEMORY POINTER 

003 026 160 


MOVMB 

/STORE 2 MSB'S, TOO 

003 027 043 


INXH 


003 030 005 


DCRB 

/DECREMENT THE POINT COUNT 

003 031 312 


JZ 

/IS IT = 0? 

003 032 100 


DONE 

/YES, DONE 

003 033 003 


0 


003 034 315 


CALL 

/NO, CALL TIMER DELAY 

003 035 042 


DELAY 


003 036 003 


0 


003 037 303 


JMP 

/GO BACK AND DO IT AGAIN 

003 040 010 


CONVRT 


003 041 003 


0 

/THIS IS WHERE THE ID MINUTE DELAY 
/SUBROUTINE WOULD GO 

003 042 000 

DELAY, 

0 

/THE DISPLAY SOFTWARE IS NOW SUBSTITUTED 
/FOR THE HALT INSTRUCTION 
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003 

100 

041 

DONE, 

*003 100 
LXIH 

003 

101 

000 


000 

003 

102 

002 


002 

003 

103 

026 


MVID 

003 

104 

220 


220 

003 

105 

176 

LOOP, 

MOVAM 

003 

106 

323 


OUT 

003 

107 

054 


054 

003 

no 

043 


INXH 

003 

in 

176 


MOVAM 

003 

112 

323 


OUT 

003 

113 

055 


055 

003 

114 

323 


OUT 

003 

115 

056 


056 

003 

116 

043 


INXH 

003 

117 

025 


DCRD 

003 

120 

312 


JZ 

003 

121 

100 


DONE 

003 

122 

003 


0 

003 

123 

303 


JMP 

003 

124 

105 


LOOP 

003 

125 

003 


0 


/RESET THE ADDRESS POINTER 


/RESET THE POINT COUNTER 
/GET THE 8 LSB'S 

/output them to the DAC 

/INCREMENT MEMORY POINTER 
/GET THE 2 AASB'S 
/OUTPUT THEM, TOO 

/STROBE THE DOUBLE BUFFERED 
I DAC MODULE 

/INCREMENT POINTER AGAIN 
/DECREMENT POINT COUNT 
/IS IT = 0? 

/YES, REINITIALIZE AND DISPLAY 
/THE FILE AGAIN 
/NO, KEEP GOING 


This software will work nicely to display the data for the past 24- 
hour period, but it is limited in its usefulness, since new data will not 
be displayed until the current 24-hour period has elapsed and all 144 
of the new temperature readings have been acquired. Can the program 
be modified so that instead of displaying the data only at the end of 
the 24-hour acquisition period it continually updates the data and 
displays the data for the past 24 hours? Fig. 2-14 shows what a typi¬ 
cal updated display might look like. 

While these updated displays are somewhat exaggerated, they do 
illustrate what the hardware and software will be required to do. New 
temperature points or readings are added to the display on the right 
side as they are acquired and old points are removed from the left 
side of the display. This means that only data from the latest 24-hour 



(A) Time to- (B)Timeti. (C) Time t2. 

Fig. 2-14. An updated display showing the data at three times, to, ti, and ts. 
The data seems to "move'' from right to left. 
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period are displayed. The movement of the data in the display storage 
area of read/write memory is shown graphically as follows: 


ADDRESS 

t 

TIMES 

t+lO 

14-20 

000 000 

X 

^X-f2 


002 001 

X+l 



002 002 

X-f2-''’^^]^ 


X-f6 

002 003 


X+5""^ 

X4-7 


Note that data values at X and X+1 are both lost at t+lO, because 
each temperature value is 10 bits, requiring two, 8-bit bytes for 
storage. 

New points are added to the end of the temperature data file and, 
since the oscilloscope’s beam moves from left to right, the latest tem¬ 
perature value to be acquired is displayed on the right of the display. 
The software necessary to move the data down by two positions is 
shown in Example 2-13. Only 143 of the data points need to be 
moved since the 144th point will be the latest reading added to the 
end of the data file. However, it is just as easy to move 144 data 
points. 

/EXAMPLE 2-13 

/THIS SUBROUTINE MOVES THE DATA VALUES 

/DOWN TWO ADDRESSES IN R/W MEMORY 


*003 000 


003 000 052 

UPDATE, 

LHLD 

/GET THE FILE ADDRESS 

003 001 100 


POINT 


003 002 003 


0 


003 003 072 


LDA 

/GET THE POINT COUNT 

003 004 102 


COUNT 


003 005 003 


0 


003 006 137 


MOVEA 

/STORE IT IN REG E 

003 007 043 


INXH 

/INCREMENT ADDRESS TWICE 

003 010 043 


INXH 


003 011 006 

NXTPNT, 

MVIB 

/SET B= # BYTES PER POINT 

003 012 002 


002 


003 013 116 

BYTE2, 

MOVCM, 

/GET THE DATA 

003 014 053 


DCXH 

/DECREMENT THE ADDRESS TWICE 

003 015 053 


DCXH 


003 016 161 


MOVMC 

/PUT THE DATA THERE 

003 017 043 


INXH 

/MOVE ADDR UP BY THREE 

003 020 043 


INXH 


003 021 043 


INXH 


003 022 005 


DCRB 

/ALL BYTES DONE? 

003 023 302 

-X 

JNZ 

/NO, DO ANOTHER TRANSFER 

003 024 013 


BYTE2 


003 025 003 


0 


003 026 035 


DCRE 

/YES, DECREMENT POINT COUNT 

003 027 302 


JNZ 

/MORE POINTS? 
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003 030 011 
003 031 003 
003 032 311 


NXTPNT /YES, DO ANOTHER ONE 
0 

RET /NO, RETURN 


003 100 000 POINT, 

003 101 000 

003 102 000 COUNT, 


*003 100 

0 /ADDRESS POINTER IS STORED HERE 

0 /IN THIS EXAMPLE 

0 /POINT COUNT IS STORED HERE 


If we are to use the computer to continuously display the tempera¬ 
ture data and update it as new temperature values are acquired, it 
should be obvious that the computer cannot also be used to perform 
the 10-minute time-delay subroutine operations which we reintro¬ 
duced in Example 2-12. 

We will now treat the display steps as the MAIN TASK program 
and we will use an interrupt timer to signal the end of each 10-minute 
period. The A/D converter software and the file-updating subroutine 
(Example 2-13) will be part of the interrupt service subroutine. 

Two flowcharts, Figs. 2-15 and 2-16, show the execution of the dis¬ 
play and interrupt programs. The interrupt may occur at any time 
during the execution of the display software, so the flowcharts do not 
show a direct connection to the intemipt service subroutine, INTSVC. 

The main operating program now displays the latest 144 tempera¬ 
ture values stored in the data file. The A/D converter acquires new 
values and the file is updated only when the interrupt timer signals 
that a 10-minute period has elapsed. The data in the file will be set 
initially to zero, using the software instructions at CLEAR. This will 
produce a straight line when the data is displayed by the oscilloscope. 
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CLEAR INTERRUPT FLAG 



Fig. 2-16. Interriipl4»ased A/D converter 
and data-file manipulation program. 


In this manner, false temperature readings due to the “random data” 
found in the computer’s read/write memory upon power-up will not 
occur. 

/EXAMPLE 2-14 

/this is a complete interrupt based data 

/ACQUISITION PROGRAM WITH THE DISPLAY SOFT- 
/WARE USED AS THE "MAIN TASK" 


*003 000 


003 

000 

061 

START, 

LXISP 

/LOAD STACK POINTER 

003 

001 

370 


370 


003 

002 

004 


004 


003 

003 

373 


El 

/ENABLE INTERRUPT 

003 

004 

052 


LHLD 

/GET THE ADDRESS OF THE DATA FILE 

003 

005 

054 


POINT 


003 

006 

003 


0 


003 

007 

072 


LDA 

/GET THE POINT COUNT 

003 

010 

060 


COUNT 


003 

on 

003 


0 


003 

012 

137 


MOVEA 

/MOVE IT TO REG E 

003 

013 

257 

CLEAR, 

XRAA 

/CLEAR A 

003 

014 

167 


MOVMA 

/STORE IT 

003 

015 

043 


INXH 

/INCREMENT THE POINTER 

003 

016 

167 


MOVAAA 

/DO IT AGAIN 

003 

017 

043 


INXH 


003 

020 

035 


DCRE 

/DECREMENT THE COUNT 

003 

021 

302 


JNZ 

/IF COUNT IS NOT 0 

003 

022 

013 


CLEAR 

/CLEAR THE NEXT LOCN 

003 

023 

003 


0 
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003 024 052 

DISPL, 

LHLD 

/GET THE FILE ADDRESS 

003 025 054 


POINT 


003 026 003 


0 


003 027 072 


LDA 

/GET THE POINT COUNT 

003 030 060 


COUNT 


003 031 003 


0 


003 032 137 


MOVEA 

/AAOVE IT TO REG E 

003 033 176 

MORE, 

MOVAM 

/GET THE 8 LSB'S OF A POINT 

003 034 323 


OUT 

/OUTPUT TO DAC 

003 035 054 


054 


003 036 043 


INXH 

/INCREMENT THE ADDR POINTER 

003 037 176 


MOVAM 

/GET THE 2 AASB'S OF A POINT 

003 040 323 


OUT 

/OUTPUT TO THE DAC 

003 041 055 


055 


003 042 323 


OUT 

/STROBE THE DAC 

003 043 056 


056 


003 044 043 


INXH 

/INCREMENT THE ADDR AGAIN 

003 045 035 


DCRE 

/DECREMENT THE COUNT 

003 046 302 


JNZ 

/MORE POINTS TO BE OUTPUT? 

003 047 033 


MORE 

/YES 

003 050 003 


0 


003 051 303 


JMP 

/NO, XIISPLAY IT ALL AGAIN 

003 052 024 


DISPL 


003 053 003 


0 


003 054 000 

POINT, 

000 

/LOW ADDRESS OF THE DATA FILE 

003 055 020 


020 

/HIGH ADDRESS OF THE DATA FILE 

003 056 036 

NEWPNT, 

036 

/FIRST ADDRESS OF THE LAST 

003 057 021 


021 

/TWO WORD DATA POINT 

003 060 220 

COUNT, 

220 

/NUMBER OF DATA POINTS, UP TO 

003 061 000 


ooo 

1377 = 255 DECIAAAL 




/220 = 144 DECIAAAL 



/THIS IS THE ADC SUBROUTINE. IT STARTS A 



/CONVERSION, WAITS FOR THE DONE FLAG AND 



/STORES THE DATA IN THE LAST LOCATION IN 



/THE FILE 


003 062 323 

CONVRT, 

OUT 

/START A CONVERSION 

003 063 037 


037 


003 064 333 

CHK, 

IN 

/INPUT THE FLAG BIT 

003 065 066 


066 


003 066 306 


ADI 

/ADD A 1 TO IT 

003 067 200 


200 


003 070 322 


JNC 

/IF NO CARRY, CHECK AGAIN 

003 071 064 


CHK 


003 072 003 


0 


003 073 117 


MOVCA 

/STORE THE 2 AASB'S 

003 074 333 


IN 


003 075 065 


065 

/INPUT THE 8 LSB'S 

003 076 052 


LHLD 

/LOAD THE ADDRESS OF THE 

003 077 056 


NEWPNT 

/NEW OR LATEST POINT 

003 100 003 


0 


003 101 167 


MOVMA 

/STORE 8 LSB'S 

003 102 043 


INXH 

/INCREMENT THE ADDRESS 



003 1 03 161 
003 104 311 


MOVMC /STORE 2 MSB'S 
RET 

/THIS SUBROUTINE MOVES THE DATA VALUES 
/DOWN TWO ADDRESSES IN R/W MEMORY 


003 

105 

052 

UPDATE, 

LHLD 

/GET THE FILE ADDRESS 

003 

106 

054 


POINT 


003 

107 

003 


0 


003 

no 072 


LDA 

/GET THE POINT COUNT 

003 

in 

060 


COUNT 


003 

112 

003 


0 


003 

113 

137 


MOVEA 

/STORE IT IN REG E 

003 

114 

043 


INXH 

/INCREMENT ADDRESS TWICE 

003 

115 

043 


INXH 


003 

116 

006 

NXTPNT, 

MVIB 

/SET B= # BYTES PER POINT 

003 

117 

002 


002 


003 

120 

116 

BYTE2, 

MOVCM 

/GET THE DATA 

003 

121 

053 


DCXH 

/DECREMENT THE ADDRESS TWICE 

003 

122 

053 


DCXH 


003 

123 

161 


MOVMC 

/PUT THE DATA THERE 

003 

124 043 


INXH 

/MOVE ADDR UP BY THREE 

003 

125 043 


INXH 


003 

126 043 


INXH 


003 

127 

005 


DCRB 

/ALL BYTES DONE? 

003 

130 302 


JNZ 

/NO, DO ANOTHER TRANSFER 

003 

131 

120 


BYTE2 


003 

132 

003 


0 


003 

133 

035 


DCRE 

/YES, DECREMENT POINT COUNT 

003 

134 

302 


JNZ 

/MORE POINTS? 

003 

135 

116 


NXTPNT 

/YES, DO ANOTHER ONE 

003 

136 

003 


0 


003 

137 311 


RET 

/NO, RETURN 


/INTERRUPT SERVICE SUBROUTINE FOR THE REAL 
/TIME CLOCK. 


*000 070 


000 070 323 INTSVC, 

OUT 

/CLEAR INTERRUPT FLAG 

000 071 173 

173 


000 072 365 

PUSHPSW 

/SAVE FLAG AND REGISTERS 

000 073 305 

PUSHB 


000 074 325 

PUSHD 


000 075 345 

PUSHH 


000 076 315 

CALL 

/MOVE THE DATA DOWN A POINT 

000 077 105 

UPDATE 


000 100 003 

0 


000 101 315 

CALL 

/DO A CONVERSION 

000 102 062 

CONVRT 


000 103 003 

0 


000 104 341 

POPH 

/RESTORE THE REGISTERS 

000 105 321 

POPD 


000 106 301 

POPB 


000 107 361 

POPPSW 


000 no 373 

El 

/RE-ENABLE INTERRUPT 

000 111 311 

82 

RET 

/RETURN TO THE MAIN TASK 



The time spent servicing the interrupting device, the A/D con¬ 
verter in this case, will be short since a fast, successive-approximation 
converter is used. For other converters that may take longer, say a 
digital panel meter which may take 0.1 second, the time spent in the 
interrupt service portion of the program becomes long. To avoid 
spending long periods of time in the interrupt service software, and 
thus away from the MAIN TASK program, a multilevel or priority 
interrupt scheme may be used. 

When using a converter or other interrupting device that has a 
long response time, two interrupts may be used. In the case of the slow 
A/D converter, one interrupt would be caused by the clock and the 
other would be caused by the A/D converter when it finished a con¬ 
version. The interrupt caused by the clock at 10-minute intervals 
would vector or point the computer to a subroutine which would only 
start the A/D converter, clear the clock’s interrupt flag, re-enable the 
interrupt and then return to the MAIN TASK which displays the 
data in the file. When the slow A/D converter completed a conver¬ 
sion, it would interrupt the 8080, but with a different restart instruc¬ 
tion, say RST6. The interrupt service subroutine pointed to by the 
RST6 instruction starts at address 000 060. This subroutine is used 
to update the data file, input the data from the A/D converter, and 
then store the data in the file. In this way the computer can effectively 
use the time during which the conversion is being performed for other 
tasks. The only assumption that we have made is that the converter 
will have finished its current conversion before the next conversion is 
requested by the interrupting time. Thus, we could not use a converter 
with a conversion time of 0.1 second with a data acquisition system 
that will require more than 10 points per second. The greenhouse 
data acquisition system will have 10-minute periods between conver¬ 
sions so even a very slow A/D converter could be used. The use of 
interrupts has been covered in greater detail in Unit No. 23 of Intro¬ 
ductory Experiments in Digital Electronics and 8080A Microcom¬ 
puter Programming and Interfacing, Book 2, published by Howard W. 
Sams & Co., Inc. 

A circuit for two interrupts is shown in Fig. 2-17. The clock will 
generate an inte mipt a nd the RST7 instruction while the A/D con¬ 
verter’s done/Susy flag wiU generate an interrupt and the RST6 
instruction. Remember that the RST7 instruction is a 377 and the 
RST6 instruction is a 367. This scheme is not a priority interrupt. We 
have assumed that the clock and the A/D converter will not interrupt 
at the same time. 

The software necessary to implement the above multi-interrupt sys¬ 
tem is shown in Example 2-15. The display software in the MAIN 
TASK program and the UPDATE subroutines are not affected by the 
change to a two interrupt system. The clock service routine, 



CLKSVC, replaces the interrupt service subroutine, INTSVC, shown 
in Example 2-14. The A/D converter’s interrupt service subroutine, 
ADSVCj is new. The old A/D converter program, CONVRT, is not 
used. You should note that the new A/D converter subroutine, 
ADSVC, does not contain any flag checking steps. Why? The A/D 
converter’s DONE flag will now generate the interrupt restart instruc¬ 
tion, RST6, so that the computer vectors directly to the ADSVC sub¬ 
routine when the conversion is complete. 



Fig. 2-17. Simple interrupt scheme for two interrupting devices, one generating a RST6 
instruction (367) and the other generating a RST7 instruction (377). The interrupts cannot 
be simultaneous for proper operation of this circuit. 


/EXAMPLE 2-15 

/INTERRUPT SUBROUTINES FOR CLOCK AND 
/CONVERTER 


*000 060 


000 060 303 

ADSVC, 

JMP 

/NOT ENOUGH ROOM HERE, SO GO TO 

000 061 100 


AHEAD 

/A HIGHER ADDRESS SO WE DON'T RUN INTO 

000 062 000 


0 

/ADDRESS 000 070, THE OTHER INTERRUPT 




/VECTOR ADDRESS 



*000 070 


000 070 323 

CLKSVC, 

OUT 

/CLEAR THE CLOCK'S INTERRUPT FLAG 

000 071 173 


173 


000 072 323 


OUT 

/START A CONVERSION 

000 073 037 


037 


000 074 373 


El 

/RE-ENABLE THE INTERRUPT 

000 075 311 


RET 

/RETURN TO MAIN PROGRAM 



*000 100 


000 100 323 

AHEAD, 

OUT 

/CLEAR THE CONVERTER'S INTERRUPT 

000 101 174 


174 

/FLAG 
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OOO 102 

305 

PUSHB 

/SAVE REGISTERS 

000 103 

325 

PUSHD 


000 104 

345 

NOP 


000 105 

000 

NOP 


000 106 

000 

PUSHH 

/SAVE H & L 

000 107 

365 

PUSHPSW 

/SAVE A & FLAGS 

000 no 

315 

CALL 

/MOVE THE DATA DOWN ONE POINT 

000 in 

105 

UPDATE 

/OR TWO LOCATIONS TO MAKE ROOM 

000 112 

003 

0 

/FOR THE NEW POINT 

000 113 

052 

LHLD 

/GET MEMORY POINTER FOR NEW 

000 114 

056 

NEWPNT 

/DATA POINTS 

000 115 

003 

0 


000 116 

333 

IN 

/INPUT 8 ISO'S' 

000 117 

065 

065 


000 120 

167 

MOVAAA 

/STORE THEM 

000 121 

043 

INXH 


000 122 

333 

IN 

/INPUT 2 AASB'S 

000 123 

066 

066 


000 124 

167 

MOVAAA 

/STORE THEM, TOO. 

000 125 

361 

POPPSW 

/RESTORE REGISTERS 

000 126 

341 

POPH 


000 127 

321 

POPD 


000 130 

301 

POPB 


000 131 

373 

El 

/RE-ENABLE INTERRUPT 

000 132 

311 

RET 



If you look carefully at the programs provided in Example 2-14 
and Example 2-15, you will see that good use has been made of the 
8080’s SHLD, LHLD, and STA instructions. These instructions have 
allowed us to store address and counter information in read/write 
memory in a set of locations which are accessed by the programs. 
The address of the latest temperature point, for example, is stored in 
location NEWPNT and in the next location as well. Remember that 
an address is 16 bits, requiring two 8-bit bytes of storage. When using 
an address storage technique such as this, it becomes easy to change 
the starting address of the data file stored at POINT, and the number 
of points in the data file, the count being stored at COUNT. We must, 
however, calculate the addresses of the last two locations in the data 
file which are to be used to store the newest data point. Keep in mind 
that the address of the last point will not vary once it is determined, 
since the latest data will always be stored in the same place in the file: 
the last two locations. 

In many applications data storage needs change, so the starting 
addresses of the data file, the number of points in the data file, and 
the addresses of the locations to be used for storage of the last data 
point will also change. Instead of calculating and recalculating these 
addresses each time that the program is used in a different application, 
we can rely upon the computer to do this for us. 
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In the next software example, Example 2-16, the software at 
START (from Example 2-14) has been changed so that the program 
will now calculate the addresses of the last data point (two locations) 
once the starting address of the data file and the number of data points 
to be acquired are stored in POINT (two address bytes) and COUNT 
(one count byte). These values could be input through front panel 
controls, a teletypewriter, or they could be preset by the programmer. 
Since the remainder of the software from Example 2-14 will remain 
the same, only the changes between addresses START and CLEAR 
have been shown in Example 2-16. Remember that if the starting 
address of the file and the number of data points to be acquired will 
be changed, the memory area used to store the values at POINT, 
NEWPNT, and COUNT must be read/write memory. 

Some of the software steps shown in Example 2-16 could have been 
combined into other subroutines, but we have avoided doing this to 
keep you from having to “jump” back and forth between various seg¬ 
ments of the program as you follow through the steps in the example. 
We hope that you will disect these programs and attempt other soft¬ 
ware solutions which may be more efficient or applicable to your spe¬ 
cific needs. 

/EXAMPLE 2-16 

/SOFTWARE TO INITIALIZE ADDRESS AND COUNT 
/(MAY BE USED WITH EXAMPLE 2-14) 

/THIS ASSUMES THAT TWO BYTES ARE USED 
/FOR EACH DATA VALUE 


*003 000 


003 000 061 START, 

LXISP 

/LOAD STACK POINTER 

003 001 370 

370 


003 002 004 

004 


003 003 373 

El 

/ENABLE INTERRUPT 

003 004 052 

LHLD 

/NOW, CALCULATE LAST POINT'S ADDR 

003 005 060 

COUNT 

/GET THE COUNT 

003 006 003 

0 


003 007 046 

MVIH 

/SET REG H TO ZERO 

003 010 000 

000 


033 on 051 

DADH 

/ADD IT TO ITSELF (DOUBLE IT) 

003 012 353 

XCHG 

/PUT DOUBLED VALUE IN D & E 

003 013 052 

LHLD 

/GET STARTING ADDRESS OF THE FILE 

003 014 054 

POINT 


003 015 003 

0 


003 016 031 

DADD 

/ADD THE ADDRESS COUNT 

003 017 053 

DCXH 

/SUBTRACT 2 

003 020 053 

DCXH 


003 021 042 

SHLD 

/SAVE ADDRESS OF LAST POINT IN 

003 022 056 

NEWPNT 

/NEWPNT 

003 023 003 

0 


003 024 052 

LHLD 

/GET ADDR OF DATA FILE 

003 025 054 

POINT 
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003 026 003 


0 

003 027 072 


LDA 

003 030 060 


COUNT 

003 031 003 


0 

003 032 137 


MOVEA 

003 033 257 

CLEAR, 

XRAA 

*003 054 

003 054 000 

POINT, 

0 

003 055 000 


0 

003 056 000 

NEWPNT, 

0 

003 057 000 


0 

003 060 000 

COUNT, 

0 


/GET THE POINT COUNT 


/AND SO ON FROM HERE ON OUT 

/IF YOU EXPECT TO MAKE CHANGES, AND YOU 
/WISH TO USE THIS SOFTWARE, THESE 
/LOCATIONS MUST BE IN R^D/WRITE 
/MEMORY 


The software examples provided for the greenhouse temperature 
data-acquisition application have all assumed a maximum count of 
256 data points. This has simplified the program since only single¬ 
precision or one-byte math operations have been required to count 
the points. If you wish to work with larger files of data, the programs 
will have to be modified. 


CLOSING THE LOOP-CONTROL APPLICATIONS 

The greenhouse temperature measurement example illustrates how 
a small computer may be used in an open-loop application, or one 
that does not require any control. The data and control signals flow 
in one direction; to the computer. We would now like to explore the 
possibility of closing the loop and allowing the computer to perform 
some type of control function to keep the temperature within certain 



Fig. 2-18. The use of a solid-stale relay to control a fan under program control. The OUT 
306 command turns the fan on while the OUT 317 command turns ofF. 
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limits. A fan for cooling and a heater are available and each may be 
controlled by the computer. A typical control interface is shown in 
Fig. 2-18 where a solid-state relay is used to control the fan. A simi¬ 
lar interface would be used to control the heater. 

The control program could be written as a subroutine, which might 
be added to the A/D converter’s interrupt service subroutine, 
INTSVC, right after the CONVRT subroutine is called. Thus, the 
control operation would be performed based upon the newest tem¬ 
perature value. We will add a simple control subroutine with arbi¬ 
trary values of 001 035 for the low set point and 002 310 for the high 
set point. Remember that these are both octal equivalents of the 10-bit 
values 0100011101 and 1011001000, respectively. Depending upon 
the temperature sensor used, these values could correspond to the 
temperature values of 15°C (59°F) and 25‘’C (77°F). 

/EXAMPLE 2-17 

/SUBROUTINE FOR HEATER/FAN CONTROL 


*003 200 


003 200 

323 STPNT, 

OUT 

/fan off 

003 201 

317 

317 


003 202 

323 

OUT 

/HEATER OFF 

003 203 

320 

320 


003 204 

052 

LHLD 

/GET THE HIGH 10-BIT VALUE 

003 205 

251 

HIVAL 


003 206 

003 

0 


003 207 

174 

MOVAH 

/THESE STEPS FORM ITS NEGATIVE 

003 210 

057 

CMA 

/VALUE 

003 311 

127 

MOVDA 


003 212 

175 

MOVAL 


003 213 

057 

CMA 


003 214 

137 

MOVEA 


003 215 

023 

INXD 


003 216 

052 

LHLD 

/GET THE LOW 10-BIT VALUE 

003 217 

253 

LOVAL 


003 220 

003 

0 


003 221 

174 

MOVAH 

/THESE STEPS FORM ITS NEGATIVE 

003 222 

057 

CMA 

/VALUE, LESS 1 

003 223 

107 

MOVBA 


003 224 

175 

MOVAL 


003 225 

057 

CAAA 


003 226 

117 

MOVCA 


003 227 

052 

LHLD 

/GET THE NEW DATA VALUE 

003 230 

255 

NEVyPNT 


003 231 

003 

0 


003 232 

345 

PUSHH 

/STORE IT 

033 233 

031 

DADD 

/ADO D&E TO H&L 

003 234 

322 

JNC 

/IF NO CARRY, CHECK FOR A TOO LOW 

003 235 

243 

TOLOW 

/VALUE 

003 236 

003 

0 


003 237 

323 

OUT 

/CARRY, MUST BE TOO HIGH, SO 

003 240 

306 

306 

/FAN ON 
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003 241 341 


POPH 

/GET H OFF THE STACK, DON'T USE IT 

003 242 311 


RET 


003 243 341 

TOLOW, 

POPH 

/GET H BACK TO TEST VALUE 

003 244 011 


DADS 


003 245 330 


RC 

/IF THERE IS A CARRY, OK 

003 246 323 


OUT 

/NO CARRY, TOO LOW 

003 247 307 


307 

/HEATER ON 

003 250 311 


RET 


003 251 310 

HIVAL, 

310 

/LOW 8 BITS OF HIGH SET POINT 

003 252 002 


002 

/HIGH 2 BITS OF " 

003 253 035 

LOVAL, 

035 

/LOW 8 BITS OF LOW SET POINT 

003 254 001 


001 

/HIGH 2 BITS OF " " 

003 255 000 

NEWPNT, 

0 


003 256 000 


0 


The control subroutine, STPNT, will perform the comparisons and 


either turn the fan or heater on or off as required. Each device could 
be turned on for a preset period or they could be turned on and left 
on until the next temperature reading is taken. The actual method 
used would depend upon the size of the greenhouse. A small green¬ 
house might overheat or overcool if either device is left on for the 
entire 10-minute sample period. The program in Example 2-17 has 
assumed a large greenhouse, so the fan or the heater will remain on 
for the entire 10-minute sample interval. 

While this may seem like a simple example, since the temperature 
could just as easily be controlled by a thermostat, the display and 
control program can be very useful. The temperature value for each 
point could be integrated to provide a value for degree days, an indi¬ 
cation of the heat produced by the sun on a given day. With the cur¬ 
rent emphasis on solar heating and cooling, this type of computer sys¬ 
tem could be used for solar collector positioning and pump sequenc¬ 
ing control, as well as for data acquisition. A report from the Copper 
Development Association mentions the use of a Tektronix Model 31 
programmable calculator for just this purpose.* 


* CD A Decade SO Solar House, Application Data Sheet, Cooper Develop¬ 
ment Association, Inc., 405 Lexington Avenue, New York 10017, 1977. 
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Dual-Slope 
Analog-to-Digital 
Converters and Digital 
Panel Meters 


INTRODUCTION TO THIS UNIT 

The low cost of digital panel meters (DPMs) is making them an 
attractive means of interfacing analog signals to small computers. 
They provide a direct readout of the units measured and many 
models have binary-coded decimal (BCD) outputs, which facilitate 
interfacing. The dual-slope integrating analog-to-digital conversion 
technique is generally used in digital panel meters. Dual-slope A/D 
converters are also available in a variety of prepackaged modules. 
The dual-slope conversion technique has some advantages over the 
ramp and successive-approximation conversion techniques that make 
it attractive in some applications. 

DUAL-SLOPE ANALOG-TO-DIGITAL CONVERTERS 

The dual-slope conversion method operates upon the principle of 
indirectly measuring an unknown voltage by converting it to a time 
period. A block diagram of a typical dual-slope converter is shown in 
Fig. 3-1. 

When a conversion is to be performed, the dual-slope converter 
connects the unknown voltage to an integrator circuit through an 
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DIGITAL OUTPUTS 


Fig. 3-1. &lock diagram for a typical dual-slope, analog-to-digital converter with 

8-bit output. 


electronic switch. The control logic allows the integrator to integrate, 
or sum, the voltage for a fixed period, Tl. At the end of this period, 
the integrator’s input is switched by the control logic to a stable ref¬ 
erence voltage with a polarity that is opposite to that of the unknown 
signal being measured. Since the input to the integrator is now nega¬ 
tive, this has the effect of subtracting from the sum accumulated dur¬ 
ing the integration period, Tl. 

Since the reference potential is known and stable, the slope of the 
integrator’s output will be constant with respect to time. The dual¬ 
slope converter measures the time period, T2, that is necessary for the 
integrator’s output to reach zero volts. These timing relationships are 
shown in Fig. 3-2. The timing for two different voltages, A and B, is 
shown. 

When a higher input voltage. A, is applied to the integrator the 
sum accumulated at the end of the integration period, Tl, is also 


INTEGRATOR 

OUTPUT 



Fig. 3-2. Timing diagram for a dual-slope analog-to-digital converter. 
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larger. Since the reference potential remains the same, and thus the 
“discharge” slope remains the same, the time necessary for the inte¬ 
grator’s output to reach zero increases to T3. Thus, higher unknown 
voltages give proportionally longer discharge periods, an indirect mea¬ 
surement of the unknown voltage applied to the converter. 

During the discharge period, the clock signal is gated through the 
control logic to the counters. The period, T2, is measured as the 
number of pulses counted at a rate of, for example, 100 pulses per 
volt. The accumulated count then becomes an indirect measure of the 
voltage applied to the dual-slope converter. For a longer discharge 
period, T3, the pulse gate is open for a longer period and more pulses 
are counted, indicating a higher unknown voltage. The clock rate and 
the control logic are set so that the voltage applied as an input to the 
converter and the clock pulses gated through the control logic are 
proportional. 

The counters may be decimal ones for use in a digital panel meter 
(DPM), or they may be binary devices for computer and control ap¬ 
plications where a BCD readout is not required. 

The dual-slope conversion technique is analogous to measuring the 
flow rate of water coming out of a pipe by filling a bucket for 60 sec¬ 
onds. The volume of water collected is an indication of the flow rate, 
but instead of measuring this directly, the bucket is emptied at a fixed 
rate of, say, one liter per second. The flow rate is then indirectly found 
by using the following formula: 

Unknown Flow Rate = x 1 liter/second 

60 seconds 

For voltages this converts to: 

E,„ = ^x(V,e,) 

The T1 period is the integration time and the T2 period is the dis¬ 
charge period. 

Most A/D converter users will purchase dual-slope converters 
rather than attempt to construct them themselves. Some representative 
samples are: 

Analog Devices, Inc., Norwood, MA 02062 

ADC 1100 3^2 digits 42-millisecond conversion time 

Range of ±0.1999 volt 

ADC 1411 14 bits 40-millisecond conversion time 

Range of ±10 volts 

Analogic Corporation, Wakefield, MA 01880 

AN 2313 10 bits 6.7-millisecond conversion time 

AN 2317 14 bits 67-millisecond conversion time 

Both devices have a range of ±2 volts. 


92 



Datel Systems, Inc., Canton, MA 02021 

ADC ElOB 10 bits 1.25-millisecond conversion time 

Ranges of ± 1, ±5 and ± 10 volts 

Dual-slope A/D converters can take a long time to perform a single 
conversion since the unknown and reference integration periods may 
be long. Some of the less expensive 10- and 12-bit models have con¬ 
version times of from 5 to 10 milliseconds, while higher resolution 
units can perform conversions every 100 to 120 milliseconds. In spite 
of their relatively slow speed, dual-slope A/D converters can be very 
accurate. 

By integrating an unknown voltage over a specific period of time, 
random and periodic noise may be integrated, or summed, to zero. In 
other words, the noise is averaged. For example, consider the mea¬ 
surement of the signal, shown in Fig. 3-3, at point X, The voltage is 
supposed to be a fairly steady dc level, but superimposed upon it is 
some 60-Hz ripple or noise. 


Fig. 3-3. Diagram of an expected signal 
output and the actual signal output, show¬ 
ing 60-Hz noise superimposed upon the 
signal. 


TIME 

If a fast, successive-approximation converter is triggered to start a 
conversion at point X, the digitized value will be too high. A dual¬ 
slope analog-to-digital converter will be quite insensitive to the 60-Hz 
noise if the integration period, Tl, is an integer multiple of the 60-Hz 
period of 16.67 milliseconds. 

The 60-Hz noise does not affect the dual-slope converter’s final 
digitized value since the average of the input signal is what is actually 
converted, as shown in Fig. 3-4. The integrated value, or the area 
under the curve shown in Fig. 3-4, is equal to the area under the 
straight, dashed line since the 60-Hz noise both adds to and sub¬ 
tracts from the accumulating total. In the same way, random noise is 
averaged, decreasing the possibility of sampling and converting a 
signal during a noise spike. This is called normal-mode noise rejec¬ 
tion, which is defined as the elimination of noise superimposed upon 
a single-ended or one-wire signal. 

Many dual-slope A/D converters are set up for 60-Hz normal¬ 
mode noise rejection of about 40 dB. Models are also available for 
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INTEGRATOR 

OUTPUT 



Fig. 3*4. Integration of a signal with 60-Hz noise superimposed upon it. Integration is 
performed for one 16.644niliisecond period. 


50-Hz normal-mode noise rejection, 50 Hz being the line frequency 
used elsewhere in the world. 

Dual-slope A/D converters are easily interfaced to microcomputers 
using the same techniques that were developed for interfacing suc¬ 
cessive-approximation converter modules. The control and data sig¬ 
nals are so similar that there is no need to cover this subject further. 
The only real difference between dual-slope and successive-approxi¬ 
mation converters is in the conversion technique used. Our main in¬ 
terest in dual-slope converters concerns their use in digital panel 
meters. 


DIGITAL PANEL METERS 

Digital panel meters (DPMs) are analog-to-digital converters that 
are slightly different from those discussed previously, since a display 
is an integral part of the converter. Most digital panel meters are bi- 
nary-coded-decimal devices. The use of a DPM is frequently prefer¬ 
able to the use of another type of A/D converter, particularly in those 
applications where a visual, decimal indication of voltage, pressure, 
temperature, or some other variable is needed; a numeric readout is 
part of all digital panel meters. 

Many DPMs are used to replace magnetic movement or analog 
meters of one type or another. As such, they do not necessarily lend 
themselves to computer interfacing, since the BCD code is used and 
parallel digit outputs may not be available. Some DPMs have features 
which make it possible to interface them to computer systems. The 
basic requirements for DPM interfacing are: 

• Parallel digit outputs in transistor-transistor logic (TTL) com¬ 
patible form. 

• A status signal to indicate the end of an A/D conversion, also in 
TTL-compatible form. 

Most digital panel meters, unlike other A/D converters, are free- 
running devices. This means that they are constantly performing con- 
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versions to update the displays. These conversions are controlled by 
an internal clock, but many DPMs have an external connection so 
that interfaces and other devices may command the DPM to perform 
a conversion. Since the parallel digit outputs from the DPM will be in 
binary-coded-decimal (BCD) form, a quick review of the BCD cod¬ 
ing system is provided in the next section. If you are already familiar 
with the BCD numbering system, you may wish to skip the next sec¬ 
tion. This is only b. review of the BCD numbering system and not a 
detailed examination. 

BINARY-CODED-DECIMAL NUMBERING 

In the binary-coded-decimal numbering system, the decimal group¬ 
ing of the digits is retained, but each digit is converted into its equiv¬ 
alent binary number without regard to its actual decimal position 
within the number. In this way, a seven is always indicated by 011 12 , 
whether it is the seven in 107 or the seven in the number 7325. The 
range of digits is always limited to zero through nine. 

The binary-coded-decimal numbering is easily performed with the 
aid of Table 3-1. After you perform a few conversions, you should 
be able to do additional conversions without the aid of the table. 


Table 3-1. Binary Coded Decimal Numbering 


Decimal Digit 

Binary Code 

0 

o(m 

1 

0001 

2 

0010 

3 

0011 

4 

0100 

5 

0101 

6 

0110 

7 

0111 

8 

1000 

9 

1001 


Two examples of decimal-to-BCD conversions are provided: 
Number to be converted = 7325 

0m=7 0011 =3 0010 = 2 0101 =5 

Number to be converted = 8039 

1000 = 8 0000 = 0 0011=3 1001=9 

It is important for you to realize that since each decimal digit value 
zero through nine may be represented by four binary bits, an 8-bit 
microcomputer could store two BCD digits in each 8-bit memory loca- 
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tion. This is very useful since it will have the storage space needed if 
we were to assign each digit its own memory location. When two BCD 
digits are stored together in this way we call the data packed BCD 
data. Software is most often used to pack and unpack the data. 

DIGITAL PANEL METER CONSIDERATIONS 

Most of the general-purpose digital panel meters are 3V or 4^- 
digit devices. The one-half digit indicates that the most significant 
digit may be either a zero or a one. Thus, for a 3^-digit DPM, the 
range would be from 0000 to 1999. Some DPMs have a unipolar 
range of from zero to their full scale, say, +1.999 volts, while other 
DPMs have a bipolar range which goes from a negative full scale 
value to a positive full scale value, for example, :t 1.999 volts. 

Other digital panel meters may be programmed to have various 
ranges with a resistor or external digital connections being used to 
determine the range. Some of the newer digital panel meters are auto¬ 
ranging. These DPMs automatically select the correct input range, 
and can convert analog signals in the ranges of ±19.99 volts, ±1.999 
volts, and ±199.9 millivolts. The autoranging DPMs are slightly more 
expensive than the fixed range units, but they are particularly useful 
in applications where signals may vary over several voltage decades. 

Digital panel meters are generally thought of as having long con¬ 
version times when compared to the fast successive-approximation 
and ramp A/D converters. Most DPMs will take several milliseconds 
to perform a conversion and repetition rates range from about 2 to 
about 20 conversions per second. For some systems this may be con¬ 
sidered slow, but in many other systems where high-speed A/D con¬ 
versions are not necessary, DPMs are widely used. In our green¬ 
house temperature measurement example, a 3%-digit DPM could have 
been used just as successfully as the 10-bit successive-approximation 
A/D converter. Samples were taken every 10 minutes, and it is doubt¬ 
ful that the temperature would undergo quick changes during the 
multimillisecond conversion time required by a DPM. 

We can summarize this section by listing the important attributes 
of digital panel meters: 


• Parallel BCD outputs, TTL-compatible (optional on some units) 

• Available in various ranges, some of which are programmable 

• End-of-conversion (EOC) flag output 

• External conversion start input (optional on some units) 

• Slow; 2 to 20 conversions per second 

• Digital display of data in volts or other engineering units 

• Low cost A/D converter with built-in analog signal conditioning 
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DIGITAL PANEL METER INTERFACING 


Digital panel meters are interfaced to computers in a manner which 
is very similar to that used in the previous A/D converter interfacing 
examples. The outputs from the DPM are available in parallel, TTL- 
compatible form and the DPM provides an end-of-conversion flag 
output to indicate that the parallel digital outputs are valid and that 
they may be sampled by the computer. Depending upon the DPM 
being interfaced, either the internal DPM logic or the computer will 
provide the pulse to initiate a conversion. 

In some DPMs, however, there are other signals that must be con¬ 
nected as well. Some of these signals may be hard wired to either a 
logic one or a logic zero in order to select a range, program a decimal 
point on the display, etc. These inputs do not require any further 
action and it is doubtful that they would ever be changed once they 
are hard wired in a system. 

There may be other important signals output by the DPM to indi¬ 
cate range, overflow, polarity, etc. These signals are not generally 
found in small modular converters, so we have not discussed them 
in any of the previous A/D converter interfacing examples. 

We will provide two examples of digital panel meter interfacing; 

(1) a simple interface using a standard DPM with a single range, and 

(2) a more complex example in which an autoranging DPM is used. 
These interfaces are not limited to DPMs alone, since other BCD data 
sources may be interfaced in a similar manner. Frequency meters, 
clocks, event counters, and other devices, including analytical instru¬ 
ments such as spectrometers and chromatographs, fall into this 
category. 

Digital Panel Meter Interfacing Example No. 1 

In this example, a digital panel meter with a single bipolar range of 
±1.999 volts will be interfaced to an 8080-based microcomputer. The 
DPM to be used in this example is an Analog Devices, Inc., AD2009 
31/4-digit DPM. 

The software to acquire data from the AD2009 will be written as 
a general-purpose subroutine that may be used by other programs. 
The hardware will be constructed such that each BCD digit will have 
its own three-state input port. The AD2009 may be operated in either 
an externally triggered or an internally triggered mode. We have 
chosen to use the internal trigger, which will perform six conversions 
per second (or one conversion every 167 milliseconds). The external 
trigger may be useful when it is necessary to have the DPM perform 
a conversion upon command of the computer. 

With the aid of the internal trigger, the software will be able to in¬ 
put the BCD data from either the conversion that has just taken place 
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or from the conversion currently taking place. Thus, if the computer 
happens to request data from the DPM just after a conversion has 
been completed, the data will be available and input into the com¬ 
puter. If, however, the computer requests data while the converter sec¬ 
tion of the DPM is processing the analog signal, the computer must 
wait until the end of the current conversion before the new data will 
be available. This will give us a maximum uncertainty of 167 millisec¬ 
onds between data points. In most slow applications, this is acceptable. 

Interfacing the AD2009 —The AD2009 digital panel meter has a 
number of input and output lines that are compatible with the stan¬ 
dard TTL levels present in the 8080-based computer that we are 
using. Some of the DPMs signals do not need to be controlled by the 
computer so they may be hard wired to either a logic zero or a logic 
one, depending upon the control needed. The important interfacing 
signals for the AD2009 are as follows: 


Digital Outputs 


BCD Data 

12 lines 

OVERRANGE 

(Most significant digit) 

Logic 1 = 0/inn volts 

Logic 0 = \nnn volts 

n = 0 through 9 

1 line 

OVERLOAD 

Logic 1 = In range 

Logic 0 = Out of range 

1 line 

POLARITY 

Logic 1 = Positive voltage input 
Logic 0 = Negative voltage input 

1 line 

STATUS 

Logic 1 = Converting (Busy) 

Logic 0 = Done 

1 line 

Digital Inputs 

HOLD 

Logic 1 = Normal conversion mode 
Logic 0 = Hold data, disable trigger 

1 line 

The HOLD input is very useful in this application, since it 

allows 


the computer to disable the conversion process so that the data may 
be read under program control. When the DPMs HOLD input is 
asserted at logic zero, no further conversions can take place and the 
data outputs are held steady or latched so that they may be read. 

The interface for the AD2009 has been constructed using four 
4-bit, three-state input ports. The three BCD digits are input one at a 
time under software control. The four status signals, OVERRANGE, 
OVERFLOW, POLARITY, and STATUS are input through a sej^ 
arate 4-bit, three-state input port. Even though the 8080 is an 8-bit 
computer, it can still easily handle smaller 4-bit bytes. While it may 
appear inefficient to interface the DPM in this way, it is easy to do 
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and it costs about the same as two 8-bit input ports. You will notice 
that a flip-flop is included in the interface to control the state of the 
DPMs HOLD input. An OUT 061 instruction forces the DPM into 
the HOLD state while an OUT 060 instruction removes the HOLD 
signal and allows the DPM to function normally. A complete sche¬ 
matic of the DPM interface is shown in Fig. 3-5. The pinout of only 
one of the 8095 three-state buffers is shown in the diagram. The re¬ 
maining devices have exactly corresponding pin configurations. 

Software for the AD2009 —Software to control the AD2009 digi¬ 
tal panel meter interface is probably the most important part of the 
overall scheme. The following requirements must be met by the gen¬ 
eral-purpose DPM interface control subroutine: 

1. Input the data from the DPM. 

2. Store the data in five successive memory locations: 


Location 

Data 

n 

Polarity bit (Sign) 

w+l 

Overrange Bit 

w+2 

100s 

n+3 

10s 

n-f-4 

Is 


3. If an OVERLOAD condition exists, exit from the subroutine 
back to the main program with the CARRY bit set to a logic 
one, otherwise return with the data stored in read/write memory 
and the CARRY bit equal to a logic zero. 

The polarity bit and the overrange bit will be stored in bit position 
DO in their respective memory locations. The remaining seven bits in 
each location will not be used. Remember that the carry bit is an 
internal 8080 flag, generally associated with the accumulator or A 
register. 

It will be the responsibility of the main program that calls the DPM 
subroutine to check the carry flag for an overload condition. Since 
the decimal point is understood to be between the hundreds and the 
thousands digits, there is no need to store a character to represent the 
decimal point. 

The DPM subroutine software would have to be modified to detect 
and to act upon an overload condition if the subroutine is to be used 
under interrupt control. Since interrupts may occur at any time, we 
could not be sure that the currently operating software would be able 
to act upon an overload condition. Remember, too, that if the carry 
flag is changed during the subroutine and an interrupt service sub¬ 
routine returns to the main program with the carry, or other registers, 
in the wrong state, the effect upon the program may be disastrous. 
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Fi 0 . 3-5. The complete interface for the Analog Devices AD2009 digital panel meter. 


Most DPM applications will be slow enough not to warrant the use of 
an interrupt. 

The complete DPM subroutine is shown in Example 3-1. The sub¬ 
routine monitors the STATUS line to determine that the DPM has 
completed its current conversion. Once the end-of-conversion condi¬ 
tion is sensed, the HOLD line to the DPM is asserted and the com¬ 
puter inputs the BCD data. The computer program first checks the 
OVERLOAD input since an overload condition will mean simply set¬ 
ting the carry flag to a logic one and returning to the main program. 
Only if an overload condition is not found will the computer progress 
to the data input and storage steps. 


/EXAMPLE 3-1 

/SIMPLE DPM INTERFACE CONTROLLER SUBROUTINE 



*030 000 


030 000 345 DPM, 

PUSHH 

/SAVE REGISTERS ON THE STACK 

030 001 305 

PUSHB 


030 002 041 

LXIH 

/POINT TO STORAGE AREA 

030 003 000 

STORE 


030 004 040 

0 


030 005 016 

MVIC 

/SET UP A AAASK FOR THE 4 LSB'S 
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030 

006 

017 


017 

030 007 

333 

TEST, 

IN 

030 

010 

060 


060 

030 

on 

346 


ANI 

030 012 

010 


010 

030 

013 

302 


JNZ 

030 

014 

007 


TEST 

030 015 

030 


0 

030 

016 

323 


OUT 

030 

017 

060 


060 

030 

020 

333 


IN 

030 

021 

060 


060 

030 

022 

107 


MOVBA 

030 

023 

346 


ANI 

030 

024 

002 


002 

030 

025 

302 


JNZ 

030 

026 

034 


OK 

030 

027 

030 


0 

030 

030 

301 


POPB 

030 

031 

341 


POPH 

030 

032 

067 


STC 

030 

033 

311 


RET 

030 

034 

170 

OK, 

MOVAB 

030 

035 

037 


RAR 

030 

036 

037 


RAR 

030 

037 

346 


ANI 

030 

040 

001 


001 

030 

041 

167 


MOVMA 

030 

042 

043 


INXH 

030 

043 

170 


MOVAB 

030 

044 

346 


ANI 

030 

045 

001 


001 

030 

046 

167 


MOVMA 

030 

047 

043 


INXH 

030 

050 333 


IN 

030 

051 

061 


061 

030 

052 

241 


ANAC 

030 

053 

167 


MOVMA 

030 

054 

043 


INXH 

030 

055 

333 


IN 

030 

056 

062 


062 

030 

057 

241 


ANAC 

030 

060 

167 


MOVMA 

030 

061 

043 


INXH 

030 

062 

333 


IN 

030 

063 

063 


063 

030 

064 

241 


ANAC 

030 

065 

167 


MOVMA 

030 

066 

323 


OUT 

030 

067 

061 


061 

030 

070 

067 


STC 

030 

071 

077 


CMC 

030 

072 

301 


POPB 

030 073 

341 


POPH 


/AAASKzzOOOOnil 

/INPUT AND TEST STATUS BIT 

/CHECK STATUS 

/IF NOT DONE, TEST AGAIN 


/DONE, PUT DPM IN HOLD MODE 
/INPUT UPDATED STATUS 
/STORE IT 

/TEST FOR OVERLOAD 

/IF NO OVERLOAD, GO ON TO OK 


/IF OVERLOAD, RESTORE REGISTERS 

/SET THE CARRY AND 
/RETURN 

/GET THE STATUS WORD 
/ROTATE POLARITY BIT TO DO 

/AAASK OUT ALL ELSE 

/STORE IT IN MEMORY 
/INCREMENT MEMORY POINTER 
/GET STATUS AGAIN 
/A/IASK OUT ALL BUT OVERRANGE BIT 

/STORE IT 

/INPUT NEXT DIGIT 

/MASK OUT UNWANTED BITS 
/STORE IT 

/DO IT FOR NEXT DIGIT 


/DO IT FOR LAST DIGIT 


/CLEAR THE HOLD MODE 

/CLEAR THE CARRY WITH A SET 
/AND COMPLEMENT 
/RESTORE REGISTERS 
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030 074 311 


RET 

/DPM DATA STORAGE AREA. THIS MUST BE IN 
IA READ/WRITE MEMORY AREA 

*040 000 


040 000 000 STORE, 

0 

/SIGN STORED HERE 

040 001 000 

0 

/lOOO'S (OVERRANGE BIT) 

040 002 000 

0 

/lOO'S 

040 003 000 

0 

/ID'S 

040 004 000 

0 

Ivs 

Digital Panel Meter Interfacing Example No. 2 


In this example we have chosen to use an automatic ranging or 
autoranging digital panel meter with three measurement ranges of 
±19.99 volts, ±1.999 volts, and ±0.1999 volt (±199.9 millivolts). 
The Datel Systems, Inc., Model DM2000AR will answer these needs. 

The following digital outputs and inputs are provided for interfac¬ 
ing or other external use: 


Digital Outputs 

BCD Data (Three digits) 12 lines 

Digit Data 1 line 

POLARITY Logic 1 = Positive voltage input 1 line 

Logic 0 = Negative voltage input 
OVERFLOW Logic 1 = In range 1 line 

Logic 0 = Out of range 

DONE Logic 1 = Converting (Busy) 1 line 

Logic 0 = Done 

DECIMAL POINT 3 lines 

Range = 19.99 volts, logic 0 at pin A6 
Range = 1.999 volts, logic 0 at pin A5 
Range = .1999 volt, logic 0 at pin A7 


Note: Only one signal is at logic zero at one time. 

Digital Inputs 

MODE RANGE Logic 1 — External range 1 line 

Logic 0 = Autorange 

R1 and R2, External Range Control 2 lines 

Range = 19.99 volts, R1 = 0, RO = 1 
Range = 1.999 volts, R1 = 1, RO = 0 
Range = .1999 volt, R1 = 0, RO = 0 
Note: R1 = RO = 1 is not allowed, 

START A positive transition resets the DPM 1 line 

A negative transition starts a conversion 
Minimum pulse width — 100 nanoseconds 
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1 line 


INTERNAL START 

Logic 1 = Run 
Logic 0 = Stop 

There are a few other connections to the DM2000AR, but they are 
not used in this interface configuration. The microcomputer interface 
must be able to start a conversion, sense that the conversion has been 
completed, and input the data. In this case, there are 13 numeric data 
lines for the 3% digits, one line for overload, one line for polarity, 
and three lines for decimal point position. The DM2000AR’s DONE 
flag must also be input. 

We have decided to hard wire the RANGE MODE signals, R1 
and RO, to ground, or logic zero, and the INTERNAL START signal 
to +5 volts, or logic 1, to configure the DPM in the autoranging mode. 
Some of these digital inputs could be controlled by the computer, if 
that is desired, by using a latched output port to provide the neces¬ 
sary logic signals. In the current application, this is not necessary. 
The D PMs c onversion is started with an OU T 20 0 pulse provided by 
gating OUT with an unused device address, 200. 

We have chosen to use accumulator I/O for this example, although 
memory-mapped I/O is equally valid in an application such as this. 
A typical interface for the DM2000AR is shown in Fig. 3-6. This 
interface uses three 8-bit input ports constructed with Texas Instru¬ 
ments SN74LS244 three-state buffers. Since this is a relatively new 
integrated circuit, a schematic diagram is shown in Fig. 3-7. 

Device codes of 200, 201, and 202 have been assigned to the 
three-input ports. You should be able to see direct similarities between 
this interface, the interface for the 10-bit A/D converter presented in 
Unit 2, and the previous DPM interface. The software is also similar. 

Software for the DM2000AR DPM —^The software used to control 
the DM2000AR digital panel meter can be very simple or it can be 
complex, depending upon the task to be performed. Again, the three 
basic tasks are: 

• Start a conversion. 

• Sense the end-of-conversion flag (done). 

• When done, input the data. 

The major difference between the DM2000AR and the AD2009 
digital panel meters is that the DM2000AR has additional outputs 
for decimal point position, an indication of the voltage range cur¬ 
rently in use by the DPM. Since the DM2000AR was chosen for 
this application, we must assume that this information is useful. 

In this example we will actually use the DPM, the microcomputer, 
and the interface to construct a data logger. Data loggers are devices 
or systems that store data in a form that will be useful at a later time 
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+ 5 VDC 



Fig. 3-6. Hie complete interface for the Datel Systems DM200AR digital panel meter. 


when the data is actually evaluated. Data loggers usually do not make 
decisions based upon the data they are collecting, so they do not 
require a sophisticated computer for data processing. The microcom¬ 
puter will answer this need nicely. 

In this case, we will print the data being collected on a teletype¬ 
writer for later evaluation. Since most automatic send/receive (ASR) 
teletypewriters will also punch characters on a paper tape at the same 
time that the numbers and letters are being printed, it is possible to 



SN54LS244 (J) SN74LS244 (J, N) 


Courtesy Texas Instruments Inc. 


Fig. 3-7. Schematic diagram of the SN74- 
15244 three-state buffer integrated circuit. 
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generate a complete, permanent, computer-compatible record of the 
information logged. 

Now that the DPM has been interfaced to our microcomputer, as 
shown in Fig. 3-6, it is necessary to develop software to perform the 
logging functions. The software requirements are: 

• Start logging the data only after a switch is closed. 

• Sample the data at a rate set by an external clock. The sample 
rate will be from two samples per second to one sample per 
minute. 

• Print the data as ±nnnn, with the decimal point in the correct 
position for the voltage range being measured. 

• Print five columns of data across the teletypewriter’s page with 
three spaces between columns. 

• Print ‘"OVER” when an overflow condition exists. 

We will assume that you will be able to provide the clock circuit 
and the switch closure to logic zero or ground. These concepts have 
been discussed in Unit 2. The switch closure will also be used to reset 
the clock circuit to synchronize the clock to the computer. In this 
way we will be sure that the first clock period starts at r = 0, and not 
at some other time. The clock rate is determined by connecting the 
clock flag to the proper oscillator-divider network output, as shown 
previously in Figs. 2-10 and 2-11. Two of the unused bit positions at 
Input Port 202 are used for sensing the switch closure and the clock 
flag. Bit position D1 is assigned to the switch while bit position D2 
is assigned to the clock flag. Since a flip-flop flag is used in the timer 
circuit, a flag-clearing pulse must be provided in the interface. In 
this case we have chosen to make the OUT 200 pulse perform two 
functions; not only will it start a conversion in the DM2000AR DPM, 
it will also clear the clock flag flip-flop. 

The clock and flag circuitry will not be discussed further. Our main 
emphasis will be on the software necessary to perform the data¬ 
logging functions. A simplified flowchart is shown in Fig. 3-8. The 
software will actually be somewhat more complex since the BCD data 
must be converted into the ASCII codes corresponding to each deci¬ 
mal digit, the sign must be output as a + or a —, and the decimal point 
must be placed correctly between the digits. The overflow must also 
be detected and acted upon. 

The conversion of BCD data into the corresponding ASCII code 
(American Standard Code for Information Interchange) is straight¬ 
forward. The ASCII code is the one used with most teletypewriters 
and terminal devices. The 8-bit binary ASCII codes and their octal 
equivalents for the decimal characters zero through nine are shown 
in Table 3-2. It should be easy to see that the last four bits in each 
ASCII code are the BCD equivalent of the decimal digit being repre- 
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Fig. 3-8. Tke flowchart for the data-logger control program. 

Table 3-2. ASCII Characters and Their Octal Equivalents for the 
Decimal Digits Zero Through Nine 




BCD 

Binary 

Octal 

0000 

10110000 

260 

0001 

10110001 

261 

0010 

10110010 

262 

0011 

lonooii 

263 

0100 

10110100 

264 

0101 

10110101 

265 

0110 

10110110 

266 

0111 

lonoiii 

267 

1000 

10111000 

270 

1001 

10111001 

271 


sented. The conversion takes place simply by adding the value 
IOIIOOOO 2 , or 2608, to the BCD value. 
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The software for the teletypewriter output and data formatting is 
more complex than the data-acquisition portion of the program. It is 
shown in flowchart form in Fig. 3-9. A complete program listing for 
the data-acquisition and output program used in the data logger is 
provided in Example 3-2. 


ENTER 



Fig. 3-9. The flowchart for the tetetypewrifer portion of the data-Iogger control program. 


Some of the software that is used in the data logger example may 
be of interest since it can be used in other related problems. Three 
of the software sections are discussed in the following sections. 
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HANDLING BCD DATA 


Binary-coded-decimal data requires only four bits per digit, so 
rather than “wasting” the other four bits in each 8-bit word, the data 
is packed as two 4-bit BCD data words per 8-bit word. This is done 
initially at the interface by inputting two 4-bit BCD digits at each 
8-bit input port. In each case, the most significant digit (MSD) of 
the two is represented in bit positions D7 through D4. To convert 
these four bits into the ASCII character that represents the correct 
digit, the bits D7 through D4 are rotated to the right and into bit 
positions D3 through DO. This new data word is then logically ANoed 
with 0000111 12 to mask-out the unwanted bits D7 through D4. Addi¬ 
tion of IOIIOOOO 2 to the four bits of the data, now in bit positions 
D3 through DO, converts the BCD digit into the corresponding ASCII 
code. 

/EXAMPLE 3-2 

/USING THE MICROCOMPUTER AS A DATA LOGGER 

*030 000 


303 

000 

061 


LXISP 


030 

001 

377 


377 


030 

002 

030 


030 


030 

003 

315 


CALL 

/START WITH A CLEAN LINE 

030 

004 

163 


CRLF 


030 

005 

030 


0 


030 

006 

333 

TEST, 

IN 

/TEST FOR THE SWITCH CLOSURE 

030 

007 

202 


202 


030 

010 

346 


AN! 


030 

on 

002 


002 


030 

012 

302 


JNZ 


030 

013 

006 


TEST 


030 

014 

030 


0 


030 

015 

056 

INIT, 

MVIL 

/INITIALIZE THE COLUMN COUNT 

030 

016 

005 


005 


030 

017 

333 

TIMER, 

IN 

/TEST FOR THE TIMER FLAG 

030 

020 

202 


202 


030 

021 

346 


AN I 


030 

022 

004 


004 


030 

023 

312 


JZ 


030 

024 

017 


TIMER 


030 

025 

030 


0 


030 

026 

323 


OUT 

/CLEAR TIAAER FLAG & START DPM 

030 

027 

200 


200 


030 

030 

333 

FLAG, 

IN 

/TEST FOR THE EOC FLAG 

030 

031 

202 


202 


030 

032 

107 


MOVBA 

/STORE STATUS BITS 

030 

033 

017 


RRC 


030 

034 

332 


JC 


030 

035 

030 


FLAG 


030 

036 

030 


0 


030 

037 

333 


IN 

/CONVERSION FINISHED, INPUT THE 
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030 040 200 

200 

/FIRST EIGHT BIT WORD 

030 041 137 

MOVEA 

/STORE IT IN REG E 

030 042 333 

IN 

/INPUT THE SECOND EIGHT BIT WORD 

030 043 201 

201 


030 044 127 

AAOVDA 

/STORE IT IN REG D 

030 045 170 

AAOVAB 

/GET THE STATUS BITS 

030 046 346 

ANI 

/TEST FOR OVERFLOW 

030 047 010 

010 


030 050 312 

JZ 

/IF OVER, JUMP 

030 051 220 

OVER 


030 052 030 

0 


030 053 170 

MOVAB 

/GET THE STATUS BITS AGAIN 

030 054 016 

MV 1C 

/SET REG C FOR 

030 055 053 



030 056 170 

MOVAB 

/GET THE STATUS BITS AGAIN 

030 057 346 

ANI 

/TEST FOR THE SIGN 

030 060 020 

020 


030 061 302 

JNZ 

/JUMP IF SIGN IS + 

030 062 066 

PLUS 


030 063 030 

0 


030 064 014 

INRC 

/IT IS — SO ADD 2 

030 065 014 

INRC 


030 066 171 PLUS, 

MOVAC 

/GET THE + OR — 

030 067 315 

CALL 

/PRINT IT 

030 070 245 

TTYOUT 


030 071 030 

0 


030 072 315 

CALL 

/CHECK FOR A DECIAAAL POINT 

030 073 176 

DECM 


030 074 030 

0 


030 075 172 

MOVAD 

/SET UP THE FIRST CHARACTER 

030 076 017 

RRC 


030 077 017 

RRC 


030 100 017 

RRC 


030 101 017 

RRC 


030 102 315 

CALL 

/PRINT THE NUMBER 

030 103 210 

NUMOUT 


030 104 030 

0 


030 105 315 

CALL 

/CHECK FOR ANOTHER DECIMAL POINT 

030 106 176 

DECM 


030 107 030 

0 


030 no 172 

MOVAD 

/GET THE NEXT NUMBER 

030 111 315 

CALL 

/PRINT THE NUMBER 

030 112 210 

NUMOUT 


030 113 030 

0 


030 114 315 

CALL 

/CHECK FOR THE LAST DECIMAL POINT 

030 115 176 

DECM 


030 116 030 

0 


030 117 173 

MOVAE 


030 120 017 

RRC 


030 121 017 

RRC 


030 122 017 

RRC 


030 123 017 

RRC 


030 124 315 

CALL 

/PRINT THE LAST NUMBER 

030 125 210 

NUMOUT 




030 126 

030 


0 

030 127 

173 


MOVAE /GET THE LAST NUMBER 

030 130 

315 


CALL 

030 131 

210 


NUMOUT 

030 132 

030 


0 

030 133 

055 

COUNT, 

DCRL /HAVE FIVE COLUMNS BEEN PRINTED? 

030 134 

312 


JZ /IF SO, JUMP 

030 135 

155 


NXTLIN 

030 136 

030 


0 

030 137 

046 


MVIH /IF NOT, PRINT 3 SPACES 

030 140 

003 


003 

030 141 

076 

AARSP, 

MVIA 

030 142 

040 


040 

030 143 

315 


CALL 

030 144 

245 


nvouT 

030 145 

030 


0 

030 146 

045 


DCRH 

030 147 

302 


JNZ 

030 150 

141 


MRSP 

030 151 

030 


0 

030 152 

303 


JMP /AFTER 3 SPACES DO ANOTHER POINT 

030 153 

017 


TIMER 

030 153 

030 


0 

/THIS ROUTINE OUTPUTS A CARRIAGE RETURN AND 
/A LINE FEED AND POINTS BACK TO THE 
/REINITIALIZING SOFTWARE 

030 155 

315 

NXTLIN, 

CALL 

030 156 

163 


CRLF 

030 157 

030 


0 

030 160 

303 


JMP 

030 161 

015 


INIT 

030 162 

030 


0 

/OUTPUT A CARRIAGE RETURN AND LINE FEED 

030 163 

076 

CRLF, 

MVIA 

030 164 

015 


015 

030 165 

315 


CALL 

030 166 

245 


nvouT 

030 167 

030 


0 

030 170 

076 


MVIA 

030 171 

012 


012 

030 172 

315 


CALL 

030 173 

245 


TTYOUT 

030 174 

030 


0 

030 175 

311 


RET 

/SUBROUTINE TO TEST DECIMAL STATUS BITS 

/AND OUTPUT A IF ONE IS FOUND 

030 176 

170 

DECM, 

MOVAB /GET THE STATUS WORD 

030 177 

027 


RAL /ROTATE IT 

030 200 

107 


MOVBA /PUT IT BACK 

030 201 

330 


RC /IF A CARRY IS FOUND, RETURN 

030 202 

076 


MVIA /NO CARRY, TYPE A 

030 203 

056 


056 


110 



030 204 315 


CALL 

030 205 245 


TTYOUT 

030 206 030 


0 

030 207 311 


RET 

/CONSTRUCT AN ASCII NUMBER FROM THE 
/BCD VALUE PRESENT IN 4 LSB'S OF REG A 

030 210 346 

NUMOUT, 

ANI /MASK OUT UNWANTED BITS 

030 211 017 


017 

030 212 306 


ADI 

030 213 260 


260 

030 214 315 


CALL 

030 215 245 


TTYOUT 

030 216 030 


0 

030 217 311 


RET 

/ROUTINE TO OUTPUT ^'OVER" IF AN OVERFLOW 
/CONDITION IS FOUND 

030 220 345 

OVER, 

PUSHH 

030 221 041 


LXIH 

030 222 261 


MSGI 

030 223 030 


0 

030 224 176 

MLOOP, 

MOVAM 

030 225 376 


CPI 

030 226 000 


000 

030 227 302 


JNZ 

030 230 236 


OUTPUT 

030 231 030 


0 

030 232 341 


POPH 

030 233 303 


JMP /TREAT THIS AS A REGULAR OUTPUT 

030 234 133 


COUNT /SO COUNT IT 

030 235 030 


0 

030 236 315 

OUTPUT, 

CALL 

030 237 245 


TTYOUT 

030 240 030 


0 

030 241 043 


INXH 

030 242 303 


JMP 

030 243 224 


MLOOP 

030 244 030 


0 

/TELETYPE OUTPUT ROUTINE 

030 245 365 

TTYOUT, 

PUSHPSW 

030 246 333 


IN 

030 247 021 


021 

030 250 346 


ANI 

030 251 004 


004 

030 252 312 


JZ 

030 253 246 


TTYOUT + 1 

030 254 030 


0 

030 255 361 


POPPSW 

030 256 323 


OUT 

030 257 020 


020 

030 260 311 


RET 
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030 261 040 A/lSGl, 

040 

030262117 

117 

030 263 126 

126 

030 264 105 

105 

030 265 122 

122 

030 266 040 

040 

030 267 000 

000 


The four bits originally stored in bit positions D3 through DO in 
the packed 8-bit word are not rotated, but are instead ANoed with 
00001III 2 and then added to IOIIOOOO 2 to construct the ASCII 
equivalent. An example may be helpful in understanding this: 

MMMMLLLL M = Most significant digit, four bits 
L = Least significant digit, four bits 

Once the data word has been rotated four bit positions to the right, 
it looks like this: 

LLLLMMMM 

This is then ANOed with the data word 00001III 2 : 

LLLLMMMM 
0000 1 1 1 1 

OOOOMMMM = Result of and operation 

Now, 101100002 18 added to the result of the and operation to yield 
the ASCII equivalent of the BCD character, MMMM: 

OOOOMMMM 

+ 10110000 

10 1 IMMMM = ASCII equivalent for the BCD digit, MMMM 


DECIMAL-POINT DETECTION 

The decimal point’s position is determined by a one-out-of-three 
code output by the digital panel meter. Since the decimal point can 
be located in any one of three positions, i.e., 1234 or 1.234 or 12.34, 
and since the teletypewriter will print from left to right, it is neces¬ 
sary to check for the presence of the leftmost decimal point first. 
The decimal point’s position is indicated by having one of the three 
decimal-point outputs at a logic zero. The output that is at a logic 
zero indicates this according to the convention previously described 
in the Digital Outputs section of Digital Panel Meter Interfacing Ex¬ 
ample No. 2. The decimal-point information is input by the computer 
at Input Port 202 and it has the following representation: 
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Status and Flag Word 


0 0 0 X X X X X 

t t t 

^ f <-19.99-volt range 
f ^1.999-voIt range 

<“.1999-volt range (199.9 millivolts) 

The program stores this combined Status and Flag Word in the 
8080’s B register. The DECM subroutine is used in three places to 
test for a decimal point and to output a decimal point if it detects 
a logic zero in the current bit position that it is testing. The DECM 
subroutine rotates the decimal-flag bits into the 8080’s carry flag and 
then tests them with a retum-if-carry instruction, RC. 

The RC instruction causes a return to the main program if no 
“decimal point” is found in the bit position undergoing the test. If, 
however, the carry is set to a logic zero as a result of the bit rotation, 
indicating that the “decimal point” has been detected, additional soft¬ 
ware steps output a decimal point to the teletypewriter so that it fills 
the next character position in the voltage being printed. After the deci¬ 
mal point is output, the computer returns control to the main program. 

MESSAGE SOFTWARE 

One of the requirements of the data logger’s software is to have 
the computer type “OVER” on the printer if an overflow condition 
exists. The software at symbolic address OVER does this by point¬ 
ing to the message storage area, MSG 1. The data stored at MSGl, 
and in the five following memory locations are the ASCII characters: 


MSGl, 040 

Space 

117 

O 

126 

V 

105 

E 

122 

R 

040 

Space 

000 

Null 


A typical “in-range” output will take six character positions for 
the sign, the four digits, and for a decimal point. The “OVER” mes¬ 
sage will also take six character positions since we have included the 
four letters and two spaces, one before the message and one after it. 
The last character is a null, or all zeros. This signals the software in 
the OVER portion of the program that it has reached the end of the 
ASCII message file which is to be output. 

The OVER subroutine is a general-purpose one that you may find 
useful elsewhere in your programming. It is much more flexible than 
the teletypewriter output that would be generated by: 

MVIA /Load register A with data 
040 /ASCII for a space 
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CALL 

TTYOUT 

0 

MVIA 

117 

CALL 

TTYOUT 

0 


/Call the teletypewriter 
/subroutine 


I Do another character 


etc 

It is also much easier to change the message to be output by chang¬ 
ing the ASCII “string” of characters stored in successive memory 
locations in a buffer area of memory rather than changing a portion of 
the main program, such as that just listed. 

These and other software techniques will be the subject of future 
books, authored by Dr, Christopher A. Titus. Detailed and well- 
documented examples will be the rule in these forthcoming Sams 
books. Dr. Titus is with Tychon, Inc., Blacksburg, VA. 

SOFTWARE MODIFICATIONS 

The data-logging program presented in Example 3-2 works well 
for many applications, but some users may find that modifications are 
necessary before it can be used in a particular situation. Here are 
some of the typical modifications that may be made to the data log¬ 
ging program: 

1. More columns of data are required per printed page. The number 
of columns of data is preset at the INIT symbolic address, with 
the data byte that immediately follows the MVIL instruction. For 
10 columns of data, the new value that would follow the MVIL 
instruction would be 012. Remember that these are octal values. 

2. More spaces are required between data values. The number of 
spaces between the columns has been preset to three in the COUNT 
portion of the software with an MVIH instruction. The number of 
spaces between columns may be changed by changing the data 
byte immediately following this MVIH instruction. 

To eliminate the spaces between the columns completely, you 
can substitute a jump address TIMER in the first three bytes of 
the software steps at symbolic address MRSP: 

Old Program Steps New Program Steps 

MRSP, MVIA MRSP, JMP 

040 TIMER 

CALL 0 

Only the first three bytes of MRSP are shown since these are the 
only ones that will need to be changed to eliminate the spaces be- 
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tween the output columns. Remember that since an unconditional 
jump has been inserted in the MRSP program, the following old 
bytes (instructions and data) do not have to be changed since the 
computer cannot get to them. This is often called a patch in a pro¬ 
gram. Some data-processing programs may require the elimination 
of the spaces between columns, particularly if you are generating 
a paper tape of the data for later use. 

3. Changing the output message. If you do not like the OVER mes¬ 
sage that is output by the program to indicate an overflow condi¬ 
tion, the ASCII message file may be changed by specifying new 
ASCII characters, starting at symbolic address MSGl. Remember 
to end your message file with a null character, 000, to terminate 
the printing of the message. Do not exceed six characters if you 
wish your columns to be properly aligned. 

Some computer programs, such as BASIC or FOCAL,* may 
be used to evaluate the data punched onto paper tape by the data¬ 
logger software. The format of the data punched onto the tape 
must be such that it is understood by these programs. This means 
that the “OVER” message may cause problems since the data 
processing program may try to evaluate the ASCII characters for 
each letter as a data value. The message may be changed to output 
a single character, say for an overflow condition. The value 
of ±0.000 could also be output by default to indicate the over¬ 
flow condition. 

Some data-processing programs may require the elimination of 
the carriage-return and the line-feed subroutine, since these may 
be recognized by the data-processing program as characters that 
represent the end of the data file. Removal of the carriage-return 
and line-feed subroutine is easily accomplished by placing a return 
instruction, RET, at the symbolic address CRLF. Other programs 
may require a carriage-return and a line-feed subroutine after each 
data point. 

These changes, and others, are readily made in the software listings 
that we have provided. Please use it and make modifications to it as 
you wish. 

In this unit we have provided you with information about the dual¬ 
slope type of analog-to-digital converters. Taking this a logical step 
further, we have introduced you to the concepts of using a digital panel 
meter as an A/D converter with binary-coded-decimal outputs. You 
will find that digital panel meters are particularly useful in those ap- 


* FOCAL is a registered trademark of the Digital Equipment Corporation, 
Maynard, Massachusetts. 
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plications that will require a visual indication of the signal (or 
quantity) being measured by the computer. Outputs of this type can 
be particularly reassuring to human operators. We have provided 
two examples of how BCD data may be stored or used. 
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4 


Miscellaneous Conversion 
Techniques 


INTRODUCTION TO THIS UNIT 

There are a number of conversion techniques used in analog-to- 
digital converters besides the ramp, successive-approximation, and 
dual-slope techniques previously described. These additional A/D 
conversion techniques are not in as widespread use, but they do find 
use in special situations. Therefore, we feel that it is important that 
you are at least familiar with their operation before we present new 
topics. 


VOLTAGE-TO-FREQUENCY CONVERTERS 

The voltage-to-frequency (v/f) converters are not as widely used 
as the other techniques discussed previously, i.e., the ramp, suc¬ 
cessive-approximation, and dual-slope methods. They find use in 
systems with a large dynamic range of input voltages, generally sev¬ 
eral decades, where the conversions can be slow and where sensors 
that generate voltage outputs may be some distance from the measur¬ 
ing device or computer. 

The voltage-to-frequency converters operate by converting a volt¬ 
age input to a frequency output, where the frequency is directly pro¬ 
portional to the input voltage. The frequency output is generally a 
standard logic-compatible voltage for transistor-transistor logic 
(TTL) circuits or complementary metal-oxide semiconductor 
(CMOS) devices. The output is either represented. by a series of 
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PWR ZERO 

+15V GNO -15V ADJ. 



Courtesy Datel Systems, Inc. 
(A) The Datel VFV series device. 



(B) The Analog Devices AD537 integrated 
circuit. 


Courtesy Analog Devices, Inc. 

Fig. 4-1. Typical vohage-to-frequency converter devices. 


pulses or a square wave at the frequency generated by the particu¬ 
lar voltage input. The linearity for v/f converters is generally 0.05% 
over the specified operating and temperature range of the particular 
device in use. 

Typical voltage-to-frequency devices are the Datel Systems, Inc., 
VFV series and the Analog Devices, Inc., AD537. Each of these de¬ 
vices has a maximum frequency output that is between 100 kHz and 
150 kHz. Both devices may also function as frequency-to-voltage 
converters to reconstruct the voltage being measured from the fre¬ 
quency originally generated by a voltage-to-frequency converter. The 
Analog Devices integrated circuit may also be operated in the bipolar 
mode, so that voltages with both positive and negative components 
can be measured. A split or dual power supply is required for this 
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mode of operation. Both the VFV and ADS 3 7 devices are illustrated 
in Fig. 4-1. 

Measurements of analog signals are made simply by counting the 
number of pulses or clock transitions per unit time, generally one 
second. A simple 4- or 5-digit decade counter may be used to display 
the result of a conversion. A binary counter may also be used if a 
binary count is more applicable, as would be the case in computer 
interfacing. Conversion times are generally long, since counts must 
be totalized. Conversion rates of 10 measurements per second are 
possible, with longer measurement times of one to 10 seconds being 
used if more resolution is required. 

Even though the v/f counters are slow when compared to the fast 
conversion speeds of successive-approximation converters, the v/f 
converters are frequently used where it is necessary to integrate a 
signal over a relatively long period. The v/f converters are always 
performing conversions, so that integration amounts to totaling the 
counts produced over the time period of interest. 

The use of v/f converters in integration schemes provides an easy 
way to measure the area under a peak output by an instrument. Since 
an integration sums the input over a period of time, periodic noise 
signals superimposed upon the voltage being measured may be inte¬ 
grated to zero. 

Interfacing v/f converters to microcomputers is straightforward 
since only a counter is needed. The v/f conversion technique is 
particularly useful when the voltages to be measured or digitized are 
some distance from the computer. Only two wires are required to 
•transmit the frequency information to the computer from a remote 
measuring site. The use of line drivers and line receivers makes this 
technique particularly insensitive to noise. 

The Analog Devices ADS 3 7 voltage-to-frequency converter is a 
particularly interesting device since it is low-cost and since it has 
many applications. It can be interfaced with most of the common 
logic families, it can be multiplexed, and it can operate in a true two- 
wire configuration where power for the device is actually obtained 
from the wires that carry the frequency signal. This is an important 
consideration in remote monitoring applications since each sensor 
will not require an individual power source. 

The ADS 3 7 v/f converter has a linear, temperature-proportional 
output available so that the AD537 integrated circuit alone can be 
used as a temperature sensor, converting temperature to frequency. 
A typical circuit is shown in Fig. 4-2. The output changes at a rate 
of 10 Hz per degree when the integrated circuit is used with the com¬ 
ponents shown. Component values are for Celsius or (Fahrenheit). 

As mentioned previously, when a v/f converter is used in a com¬ 
puter interface, either a binary or a decade counter may be used to 
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accumulate the frequency value. In some applications, both may 
be used. In the circuit shown in Fig. 4-2, a decade counter may be 
used for a direct readout of degrees, while a binary counter is used 



Courtesy Analog Devices, Inc. 

Fig. 4-2. The use of the Analog Devices AD537 v/f converter as a temperature sensor. 


at the same time to provide a computer with a binary value of the 
temperature. 


FLASH CONVERTERS 

The flash, or simultaneous conversion, technique operates by 
comparing the unknown voltage signal to be digitized with a series 
of preset reference potentials. The comparisons take place simulta¬ 
neously. Thus, for an n-bit conversion, 2"-l comparators are re¬ 
quired. For an 8-bit conversion, 255 comparators and references 
would be required. A single, stable reference is used with a resistor 
ladder to provide the necessary comparison voltages. The reference 
input of the first comparator is set to pne-half of the step voltages, 
with all of the remaining comparators’ reference inputs set to be one 
voltage step above the previous one. The block diagram of a flash 
converter is shown in Fig. 4-3. The encoder section converts the out¬ 
puts of the comparators into a 6-bit binary code. 

The outputs provided by the comparators would have to be en¬ 
coded in some way to provide a binary output that is representative 
of the unknown voltage being measured. The gating can be complex 
for converters having seven or more bits. 

Since one comparator is used for each voltage step, this conversion 
technique is useful only in high-speed 4-, 5-, or 6-bit converters. The 
conversion time is limited by the comparators’ response time and the 
speed of the logic circuits that perform the code conversion. 
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DIGITAL 

OUTPUTS 


Combinations of the flash technique and a feedback D/A con¬ 
verter are used to increase the resolution possible to more than eight 
bits, but the conversion speeds are slower and the costs are higher 
than they would be for a 6-bit flash converter. When a D/A con¬ 
verter is used for feedback in a flash converter, the converter is 
called a simultaneous ripple converter or a simultaneous feedback 
converter. The block diagram for this type of a converter is shown 
in Fig. 4-4. 

The simultaneous feedback converter operates by using two 4-bit 
flash converters similar to the converters shown in Fig. 4-3. These 
are shown in Fig. 4-4 as 4-bit A/D # 1 and #2. The unknown ana¬ 
log input voltage is first digitized to four bits of resolution using 4-bit 
flash A/D #1, For an input range of zero to one volt, this would be 
a resolution of one part in sixteen, or 15 voltage steps of 66.7 milli¬ 
volts per step. 

We will assume that the unknown voltage is 690 millivolts so that 
we may examine the operation of the simultaneous feedback con¬ 
verter shown in Fig. 4-4. The first 4-bit flash A/D converter (#1) 
can only resolve the unknown signal into sixteen possible outputs 
representing the fifteen voltage steps between zero and one volt. This 
is the 66.7-millivolt step discussed previously. The possible voltage 
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07 04 0I6ITAL OUTPUT 03 00 

Fig. 4-4. Block diagram for a typical simultaneous feedback converter. 


steps found within the 4-bit flash converter are listed in Table 4-1. 
Remember that the first comparator s reference voltage is one-half of 
the step voltage and that all of the other comparators have inputs of 
one voltage step above the previous one. 


Table 4-1. Possible Voltage Steps Within the 4-Bit Flash Converter 


Step 

Voltage (mV) 

Step 

Voltage (mV) 

15 

967 

7 

433 

14 

900 

6 

366 

13 

833 

5 

300 

12 

767 

4 

233 

11 

700 

3 

166 

10 

633 

2 

100 

9 

566 

1 

33 

8 

500 




The unknown input of 690 millivolts falls between Step 10 and 
Step 11. Comparators 1 through 10 indicate that the unknown input 
voltage is greater than their reference inputs as noted in Table 4-1, 
so the code corresponding to the last comparator that senses the 
“overflow” condition becomes the code that represents the unknown 
voltage. In this case, 10 = IOIO 2 , Note, that there is no **comparatoi 
zero!' If none of the comparators indicate an '^overflow,” the decod¬ 
ing logic will output the code for zero, 0000 2 . 
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The voltage used as the reference at the 10th comparator is only 
633 millivolts, so the remaining difference of 57 millivolts between 
the comparator’s reference and the unknown voltage being measured 
goes unresolved, so far. 

The binary code output by the first 4-bit flash converter is applied 
to the inputs of a 4-bit digital-to-analog converter. The converter is 
set up to generate a voltage that is equal to the reference voltage for 
the last comparator that indicates an overflow condition. In this case 
that is comparator 10, so the 4-bit D/A converter outputs 633 milli¬ 
volts. This voltage is subtracted from the unknown voltage by using a 
differential input amplifier. The amplifier outputs the difference be¬ 
tween the unknown signal and the reference potential of the last com¬ 
parator in the overflow state. In this case the difference is: 

690 millivolt unknown signal 

—633 millivolt reference to last overflow comparator 

57 millivolt difference 

The 57-millivolt difference is equal to the “unresolved” portion 
of the unknown signal that we mentioned before. The second 4-bit 
flash converter is set up to resolve these small differences of up to 66 
millivolts, the maximum voltage that would go unresolved by the first 
4-bit flash converter. 

In this type of a converter, a flash converter first resolves the un¬ 
known signal as best it can with four bits of resolution. The difference 
between the unknown signal and the closest approximation by the 
first A/D converter is passed along to another flash converter through 
a D/A conversion and voltage subtraction process. 

Since flash converters are still used in this type of a converter, 
there are many comparators within the system. The general rule 
when using the simultaneous feedback converter is that Q compara¬ 
tors are required, where: 

Q = 2t<“/2)+13 _ 2 
n = number of bits of resolution 

For the 8-bit converter system illustrated in Fig. 4-4, 30 compara¬ 
tors are required. It is important to note that even though a 4-bit 
D/A converter was used in this scheme, it must still be accurate to at 
least eight bits, or one part in 256, to preserve the accuracy of the 
system. All of the components in this type of a system must be at least 
as accurate as the total resolution required of the system. If this con¬ 
dition is not met, there will be significant errors in the digitized out¬ 
puts. 

A further refinement of this simultaneous feedback converter is 
the variable threshold flash converter technique. This conversion 
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technique is beyond our present scope; it is thoroughly discussed in 
Motorola Application Note AN-702, Motorola Semiconductor 
Products, Inc., Phoenix, AZ 85036. 

The only other type of converter that we will mention is the track¬ 
ing converter. This type of converter may be thought of as a fast 
ramp A/D converter that can generate a positive and a negative ramp 
through the use of up-down counters. The converter continuously 
follows the input voltage by using the comparator’s output, as per a 
normal ramp converter, to indicate whether the ramp should go up 
or down to reach the unknown voltage. The digital outputs are always 
active, indicating the current digital value of the unknown input. 

There are probably other conversion techniques, but they are not 
directly applicable to computer interfacing. The discussion of the 
ramp, dual-slope, successive-approximation, and voltage-to-frequency 
converters probably covers 95% of the converter types in use today. 
Faster successive-approximation A/D converters are becoming avail¬ 
able and they may soon match the speed of some flash-type 
converters. 
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Sample-and-Hold 
Circuits and Multiplexer 
Devices 


INTRODUCTION TO THIS UNIT 

The purpose of this unit is to introduce you to the use of sample- 
and-hold circuits and multiplexers in analog systems. You will find 
that sample-and-hold circuits are particularly useful when you are 
trying to use an analog-to-digital converter to measure varying sig- 
nds. Multiplexers are quite often used in applications where a single 
A-D converter is being used to acquire data from a number of 
sensors. 


SAMPLE-AND-HOLD CIRCUITS 

Sample-and-hold devices (S/H) or sample-and-hold amplifiers 
(SHA) are analog circuit elements that are the analog equivalent of 
the digital latch. Sample-and-hold circuits are used when we wish to 
sample an analog signal and then hold it steady at a particular point 
so that a particular voltage of interest may be measured or used else¬ 
where in a system. The operation of an ideal sample-and-hold device 
is shown in Fig. 5-1. In this example, the S/H output follows, or 
tracks, the voltage input during the SAMPLE period and it holds the 
latest analog voltage when it switches to the HOLD mode. In Fig. 
5-1, the input and output voltage lines have been offset slightly for 
clarity. 



The simplest sample-and-hold circuit is a capacitor and a switch. 
The low-leakage types of capacitors (polystyrene or teflon) are pre¬ 
ferable to the other types available. This first attempt at a sample- 
and-hold circuit is shown in Fig. 5-2. 



V,N 


MODE 



S/H 







Vqut 


Fig. 5-1. Inputs and output for sample-and-hold device showing both the SAMPLE and 
HOLD modes of operation. 


In this first attempt at a sample-and-hold circuit, the capacitor will 
start to charge or discharge to make Vqut equal to Vin once the 
switch is closed. The capacitor charges at a predetermined rate, so 
the voltage present at the output, Vqut, will not instantaneously fol¬ 
low, or track, the input voltage, Vin. In this case, we have also as¬ 
sumed that the unknown voltage source can supply the charging cur¬ 
rent required by the resistor-capacitor network. The resistor shown 
in the diagram may have a very low resistance; the resistance sup¬ 
plied by the switch and the interconnections. It must also be remem¬ 
bered that loads on the capacitor’s output will also tend to discharge 
the voltage present. 


VlN 




OUT 


Fig. 5-2. The use of a capacitor and a switch to construct a sample-and-hold circuit. 


Most sample-and-hold circuits are more complex, using high- 
impedance field-effect transistor (FET) input operational amplifiers. 
A typical circuit is shown in Fig, 5-3. 

The mode-control switch shown in Fig. 5-3 is typically a diode 
bridge switch or a field-effect transistor switch. For a further discus¬ 
sion of sample-and-hold devices, including their design and operat¬ 
ing characteristics, we recommend the Siliconix Incorporated book, 
Analog Switches and their Applications^. 
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Fig. 5-3. A typical sample-and-hold circuit using operational ampliers. 


USING SAMPLE-AND-HOLD DEVICES 

Sample-and-hold devices have several purposes in digital-to-analog 
and analog-to-digital converter applications. Sample-and-hold de¬ 
vices may be used to: 

• Hold an analog signal steady so that an A/D conversion may be 
performed. 

• Simultaneously sample many analog inputs for later measure¬ 
ment (requires one S/H device per input). 

• Deglitch a D/A converter’s output to eliminate output voltage 
spikes or settling transients. 

• Distribute one D/A converter’s output to several points where 
voltages must be maintained constantly. 

The second and the fourth uses listed are becoming less important 
than they were two or three years ago. This is because it is now 
probably less expensive to dedicate an analog-to-digital converter 
to each input to be measured and to have one digital-to-analog con¬ 
verter per output, depending upon the specific application. 

Sample-and-hold devices are frequently used to deglitch the out¬ 
puts from D/A converters by providing analog double buffering. 
Once the D/A converter has performed the digital-to-analog conver¬ 
sion and its output has settled to within the desired percentage error 
range, the D/A converter’s output is sampled and held with an S/H 
module. The output of the S/H device is then presented to the volt¬ 
age receiving device, or the device which would normally be con¬ 
nected to the D/A converter. This type of operation is particularly 
useful where fast D/A converter response is needed, but glitches 
can not be tolerated. Video displays that use D/A converters to po¬ 
sition the electron beam are often deglitched in this way. 

The more usual use of sample-and-hold devices is to sample and 
hold an analog signal at a particular point while it is measured by 
an A/D converter. A sample-and-hold device would be particularly 
useful in an instrumentation problem where an instrument’s output 
changes too quickly to be measured by either a successive-approxi- 
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mation or a ramp A/D converter. You may recall that this was the 
case in Unit 2 in the examples in which the software controlled suc- 
cessive-approximation and ramp converters attempted to digitize a 
“peak” output. 

When a sample-and-hold device is used prior to the input of the 
unknown signal to a comparator (in the case of a software-controlled 
A/D converter), or to an A/D converter module, if one is used, the 
digitization may proceed to give an accurate representation of the 
unknown peak voltage. The block diagram in Fig. 5-4 shows how 
this might be implemented. The SAMPLE signal from the computer 
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OUTPUT 


PEAK 


(FROM INSTRUMENT) 


D Q 


CK 


X 


S/H 


0= HOLD 
1 = SAMPLE 


SAMPLE 


TO A/0 


(FROM COMPUTER) 

Fig. 5-4. Slock diagram for a typical sample-and-hold computer interface. 


allows the S/H module to sample the unknown signal. When the peak 
is reached, the instrument generates the PEAK signal, forcing the 
S/H device into the hold mode. 

The timing diagram shown in Fig. 5-5 shows the timing relation¬ 
ships between the signals used to control the S/H device shown in 
Fig. 5-4. The instrument’s analog output is also shown, as is the out¬ 
put of the S/H device. The sample-and-hold input and output are 
offset for clarity. 

Now, either a slow ramp A/D converter or a fast successive-ap¬ 
proximation A/D converter could be used to provide the correct 
digital value for the voltage present at the “peak” output. The sam¬ 
ple-and-hold device will maintain the voltage until it can be mea¬ 
sured. 

The use of sample-and-hold front ends with A/D converters 
greatly increases their capability to measure changing signals. With¬ 
out using a sample-and-hold circuit, even fast converters can only 
be used to measure very slowly changing signals. For example, the 
maximum frequency of a sine wave which can be measured with a 
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S/H OUTPUT 
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Fig. 5-5. A typical timing diagram for a sample-and-hold module under 
and comouter control. 


instrument 


10-bit, lO-microsecond A/D converter to an accuracy of ±1 LSB 
is 16 Hz^. This assumes that the A/D converter is attempting to mea¬ 
sure a full-scale input signal. 

The frequency/converter relationship may be expressed mathemati- 
cally:^ 

For an accuracy of LSB, the rate of voltage change is: 

AV ^ ^ / Full Scale Voltage 
At “ 2” 


Which is equal to: 

AV ^ Full Scale Voltage 
At “ 2 ^ ^ 

Thus, for a 10-volt full-scale A/D converter, this rate of change 
must be less than 5 millivolts per 10 microseconds, or 500 volts per 
second. 

To calculate the maximum frequency for a particular voltage 
range, the following formula may be used: 

AV 

= (Input Range) * (l^rf) 

In this formula, the input range is usually the full-scale range of 
the A/D converter and the frequency, f, is the highest frequency 
that will not exceed the AV/At rate of change. 

These calculations should show you the utility of sample-and-hold 
devices and why they are often used with analog-to-digital convert¬ 
ers. In the previously discussed data acquisition example, in which 
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greenhouse temperatures were being measured, the temperature 
probably do not change quickly enough to require the use of a sam 
ple-and-hold device. In other situations, sample-and-hold front end 
are the general rule. 



Fig. 5-6. Representatian of acquisition timo, offset, and slew rate. 


Sample-and-hold devices are not ideal, and there are some tern: 
that will help you better understand their limitations and uses. Thes 
are listed as follows, keyed to Figs. 5-6, 5-7, and 5-8. 

DC OfFset 

This is the difference between the input and the output voltages c 
the device when the input is grounded. It is usually expressed i 
millivolts. The offset may be adjusted to zero with external con 
ponents, but the offset will generally change with changes in tim 
and temperature. 



Fig. 5-7. Representation of aperture time, aperture uncertainty, and settling time. 


Acquisition Time 

The sample-and-hold is a nonideal device and it requires a definii 
period of time to actually acquire and track the analog input on< 
it is placed in the sample mode. The acquisition time is the time n 
quired to go from the hold state to the tracking state, where tl 
output remains within 0.01% of the input. The acquisition time 
generally a few microseconds. This may also be called the settlir 
time when the sample-and-hold is already in the sample mode. 
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slew Rate 

This defines the maximum rate of change for the output and it is 
expressed as volts per second. The slew rate is a limitation imposed 
by the charging rate of the capacitors used to store the voltage, and 
the actual slew rates of the operational amplifiers used in the circuit. 

INPUT 

IDEAL OUTPUT 

REAL OUTPUT 
FEEDTHROUGH 



Fig. 5-8. Representation of linearity, decay rate, and feedthrough. 


Aperture Time 

This is the time period required by the device to go from the 
sample mode into the hold mode, once the hold command has been 
received. Sample-and-hold devices do not go from one mode to the 
other instantaneously. When going from the sample to the hold mode, 
sampling continues for a few nanoseconds. 

Aperture Uncertainty 

The aperture uncertainty is the variation in the aperture time 
from device to device. This uncertainty is generally limited to a few 
nanoseconds. 

Linearity 

The linearity describes the variation of the output from the ex¬ 
pected output over the entire output voltage range of the sample-and- 
hold device. This is the difference between the INPUT and the 
IDEAL OUTPUT shown in Fig. 5-8. This may also be called a 
gain error, and it is expressed as a i>ercentage, say, 0.01%. It may 
also be expressed as the deviation in the plot of input vs, real output 
from a “best straight line.” 

Decay Rate 

Since the sample-and-hold circuit incorporates a capacitor for 
storing charge, the capacitor will tend to discharge to zero stored 
charge over a period of time. The discharge rate is a function of 
switch leakage current and the current required by the other circuit 
elements connected to the capacitor. The decay rate or droop rate 
is expressed as millivolts per second. 
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Feedthrough 

The feedthrough of a sample-and-hold device is an indicatioi 
of the level of the input reaching the output when the S/H devic< 
is in the hold mode. This may be expressed as a percentage, or ii 
decibels, db. 

SmaSS-Signal Bandwidth 

This describes the frequency at which the output of the sample 
and-hold is attenuated by 3 dB with respect to the input. This mean; 
that the output is attenuated by about 30%. This property is no 
illustrated in the figures. Figs. 5-6, 5-7, and 5-8 are adapted fron 
those found in the Analog-Digital Conversion Handbook.^ 

There are limitations to the capabilities of sample-and-hold de 
vices. Those devices that have short acquisition times use smal 
capacitors and, thus, the voltage droop rate will be large. The use o 
larger capacitors means that the acquisition time will be longer, bu 
the voltage droop rate will be less. \^en high acquisition speeds ant 
long hold times are required in an application, two sample-and-hoh 
modules may be used. The first sample-and-hold module will quickl] 
acquire the analog signal at the point of interest and the second sam 
ple-and-hold module, connected to the output of the first, will thei 
acquire and hold this stable signal. The second S/H requires longe 
to acquire the voltage presented by the first device, but since a largi 
capacitor is used, the droop rate of the output will be low. An ex 
ample of this cascaded sample-and-hold is shown in Fig. 5-9. 

You should remember that in this type of a cascaded S/H configura 
tion, the overall sampling rate will be determined by the sum of th( 
sampling rates of both S/H devices. 

There is a variety of commercially available sample-and-hold de 
vices that will simplify analog circuit designs. The following device 
are representative of the many different types available: 

Analog Devices, Inc., Norwood, MA 02062 

SHA-5 General Purpose 

SHA-IA General Purpose 

Burr-Brown Research Corp,, Tucson, AZ 85734 

SHC80KP Low Cost 

SHM60 High Speed 

Datel Systems, Inc., Canton, MA 02021 

SHM-LM2 Low Cost, Integrated Circuit 

SHM-CM General Purpose, ± 12-volt range 


132 



tsv 15V 



Courtesy National Semiconductor Corp. 

Fig. 5-9. Using two sample-and-hold devices in a cascaded configuration for a higK 
acquisition speed and low droop rate. 

Hybrid Systems Corp., Bedford, MA 01730 
SH703 Low Cost 

Intersil, Inc., Cupertino, CA 95014 

IH5110 Low Cost, Integrated Circuit 

National Semiconductor Corp., Santa Clara, CA 95051 
LF389 Low Cost, Integrated Circuit 

Teledyne-Philbrick, Dedham, MA 02026 
Model 4853 High Speed 


MULTIPLEXERS 

In many analog-to-digital converter applications, it becomes too 
expensive to dedicate one A/D converter to each sensor. An alter¬ 
nate approach is to share one A/D converter among several sensors. 
This is called multiplexing, since many signal sources share a com¬ 
mon transmission path to a single receiving device, in this case the 
A/D converter. 

A multiplexer may be as simple as a rotary switch having multiple 
taps, or positions, or as complex as a microwave communication 
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Fig. 5-10. A simple rotary switch multiplexer showing four possible input signals, 
any one of which may be switched to the output. 


multiplexer used by the telephone companies. In each case, the 
communication path is dedicated to one signal for a short period o] 
time before switching to the next signal to be transmitted. In eacl 
case, one and only one signal uses the transmission path at any one 
time. A multiplexer may be thought of as a simple switch, as showr 
in Fig. 5-10. 

Multiplexers are a relevant topic when discussing A/D converters 
but our purpose in this section is not to provide a deep understand¬ 
ing of the multiplexer devices themselves. We are interested in some 
uses of analog switches or multiplexers, particularly those applica¬ 
tions which lend themselves to switching a number of analog signals 
to a single A/D converter. For more details about the devices them¬ 
selves and their operating characteristics, we suggest two references 
Data Conversion Handbook^ and Analog Switches and Their Appli’ 
cations."^ You will find that the data sheets for individual multiplexei 
and analog switch devices also contain useful information about 
specific applications. 

Electromechanical Multiplexers 

The simplest analog multiplexers are mechanical switches or pate! 
cables which may be switched by hand to arrange the necessary sig¬ 
nal paths. These switching schemes are not very convenient for data- 
acquisition applications where you may be interested in switching 
between channels or analog sensors at a rapid rate. 

Relays provide a good compromise since they are small and arc 
easy to turn on and turn off with standard transistor-transistor logic 
(TTL) levels or with standard TTL driver devices such as the SN- 
75451A dual peripheral driver integrated circuit; Some small-signal 
reed relays are available in dual in-line packages (DIPs), the size oi 
14- or 16-pin integrated-circuit devices. 

Reed-type relays are generally the ones chosen for use with low- 
level signals because they are sealed and they have low contact re¬ 
sistance. Mechanical relays have contact bounce, which occurs dur¬ 
ing contact opening and contact closing and appears to the circuit 
as short, multiple openings and closings of the contacts. The contact 
bounce period is short, a few milliseconds, but this can introduce noise 
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in the analog signal if the signal is measured during this time. Low- 
level currents cannot “clean” the metal contact surface the way 
higher currents can, so the contact resistance may increase over a 
period of time. Relays with mercury-wetted contacts are available 
for low-level signal switching, with the mercury acting to make a 
clean, low-resistance, metal-to-metal contact which is not appreciably 
affected by aging. 

Reed relays are available in a variety of configurations, such as 
single-pole, single-throw (spst); single-pole, double-throw (spdt); 
and so on. Generally, the spst-type are used for single-ended analog 
signal multiplexing. Prices for reed relays range between $3 and $20, 
depending upon the quality and the contact configuration needed. 

Mechanical devices do have limitations that should be considered. 
One of the main problems is mechanical wear to the contacts, since 
the contacts do come under stress during each contact closure. Thus, 
they have a definite lifetime. Consider a dry mechanical reed relay 
with a minimum life of 100 million operations. At a rate of 10 sam¬ 
ples per second or 10 opening and closing actions per second, there 
would be a minimum of 3000 hours of operation, or 125 days of 
operation, before the probability of a contact failure is very great. 
Granted, this is the minimum life, and most relays will last longer. 
However, this “short” lifetime may be a problem, particularly in 
remote data-acquisition applications. Reed relays are acceptable for 
use in many analog multiplexing applications, but they should be 
considered carefully. 

Electronic Multiplexers 

There are many different types of semiconductor devices that may 
be used for signal switching, although metal-oxide semiconductor 
(MOS) devices have found the greatest use in low-level signal 
switching or multiplexer applications. The semiconductor fabrication 
technology is not a part of our discussion, but you should be aware 
of the terms complementary-metal-oxide semiconductor fCMOS) 
and metal-oxide semiconductor^ field-effect transistor (MOSFET), 
two technologies used to manfacture semiconductor signal-switching 
and multiplexing devices. 

Some of the advantages of semiconductor switches over other 
types of switches that make them practical for use in multiplexers 
are: 

• Small size, standard dual-in-line packages (DIPs) 

• Directly compatible with TTL signals for switching 

• Built-in, on-board digital decoders for channel select 

• Positive and negative signal input (bipolar signals) 

• High-speed switching 
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• Long life, no mechanical wear 

• Low contact resistance, less than 100 ohms 

• High off-state resistance, typically 10® ohms 

SEMICONDUCTOR ANALOG MULTIPLEXER CONSIDERATIONS 

Semiconductor switches are not ideal devices and they, too, hav< 
some limitations or constraints which must be considered prior tc 
their use in multiplexer circuits. Almost all analog switches that us< 
semiconductor devices to perform the switching function require twc 
power supplies, typically +15 volts and —15 volts. Signal inputs can* 
not exceed these power-supply potentials without damaging th« 
device. 

Early semiconductor switches were susceptible to a problem callec 
latch-up, which caused them to act as though they were silicon con¬ 
trolled rectifiers (SCRs). Once they were turned on to pass a signal 
they refused to turn off until the input signal reached zero volts. Since 
the signal input could not be counted upon to go to ground potential 
the switches remained in the on state indefinitely, or until the powei 
was removed from the system. 

Many of the semiconductor devices, particularly the CMOS anc 
MOSFET switches, are easily damaged by static electrical discharges 
such as those produced by synthetic fabrics, rugs, etc. Newer designs 
incorporate static-protection devices within the multiplexer integratec 
circuit. 

There are some properties of semiconductor multiplexers which 
are best described by short definitions: 

Crosstalk 

This is the measure of the amount of a signal which is being input 
to an “off” channel, but which appears at the output of the multiplexer, 
superimposed upon the signal of interest that is passed through the 
“on” channel. This is a direct function of the frequencies of the sig¬ 
nals being input to the multiplexer. Since the switches are capaci- 
tively coupled on the integrated circuit, some of the signals “leak” 
through to other channels. Crosstalk will increase with the frequencies 
of the signals input to the multiplexer. This is similar to the feed¬ 
through problem associated with sample-and-hold devices. 

Settling Time 

The settling time measures the time necessary for the multiplexer’s 
output to be within a certain error percentage of the input signal once 
the channel is selected, or turned on. This must be specified as either 
the semiconductor switch’s switching time plus the analog output 
settling time, or as the analog output settling time alone. 
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Throughput Rate 

This rate is a measure of the fastest channel-to-channel switching 
rate which may be used if the rated accuracy, generally 0.01%, is to 
be accepted. This takes into account the setfling time of the device. 

Bandwidth 

This defines the ability of the multiplexer to pass a signal at a 
particular frequency once the multiplexer’s channel is turned on. The 
bandwidth is the —3-dB point. This is equivalent to the small-signal 
bandwidth associated with sample-and-hold devices. 

Switching Transients 

When a multiplexer is switched from one channel to the next, and 
one of the channels is turned off, a switching transient occurs. These 
voltage transients or spikes appear at the multiplexer’s output and they 
may cause inaccurate measurements if the output is sampled, digi¬ 
tized, or integrated during this time. The switching transients may 
be removed, if necessary, by using a sample-and-hold device between 
the output of the multiplexer and the input of the measuring device. 

MULTIPLEXER SIGNAL INPUTS 

There are a wide variety of signal sources that can provide outputs 
to be multiplexed. These outputs can include low-level thermocouple 
signals and high-level pressure transducer outputs, dc and ac outputs, 
high-frequency and low-frequency outputs. These types of signals 
may all be multiplexed successfully, although some premultiplexer 
and postmultiplexer signal conditioning may be required. 

Low-Level Signals 

Low-level signals may require amplification before they are input 
to a multiplexer, since transient signals may be large enough to cause 
significant errors in the low-level multiplexer output. If necessary, 
the resulting multiplexed and amplified signals may be attenuated 
after being multiplexed. If amplification cannot be used due to a 
wide range of signal inputs, a postmultiplexer filter could be used 
to remove any unwanted noise generated by switching transients. 

Differential Signals 

There are often cases where the signal to be measured does not 
exist as a single voltage that is referenced to ground potential in the 
usual way. In these cases, the signal exists as the difference between 
two voltages and it is called a differential signal. The unknown sig¬ 
nal may have a very low potential when it is compared to the actual 
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voltages present on the two inputs. For example, you may have two 
signal voltages, 5.37 volts and 5.35 volts. The difference is 0.02 
volt, providing the signal that is of interest to us. This signal is very 
small when compared to the two potentials, 5.37 and 5.35 volts. 

A differential-input instrumentation amplifier may be used to re¬ 
cover the difference, yielding a single output, the voltage to be mea¬ 
sured. The single output can then be multiplexed and routed to an 
A/D converter for digitization. When a large number of differential 
signals are to be measured in this way, it becomes expensive to pro¬ 
vide each pair of differential-input lines with its own instrumentation 
amplifier. A good solution to this problem is to use a double-pole 
multiplexer, which has two independent sets of switches that open 
and close at the same time. The double-pole multiplexer is used to 
switch both lines of a differential input signal through the multiplexer 
to a common differential-input instrumentation amplifier. In this 
way, a single instrumentation amplifier may be “shared” among many 
differential signal sources. 

An example of differential, or double-pole, multiplexing is shown 
in Fig. 5-11.^ In this example, no channel decoding is provided since 
only two switches are used. 



Courtesy Silkonix, Inc. 

Fig. 5-11. A two-channel difFerential-input multiplexer circuit with a difFerential-input 
amplifier being used to provide a single-ended output. 


The type of configuration shown in Fig. 5-11 may also be used 
when both differential and nondifferential, or single-ended, signals 
are being multiplexed and connected to the same signal receiver, 
whether it is an amplifier, A/D converter, or other device. The single- 
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ended inputs have their second input referenced, or connected, to a 
local analog ground point. 

MULTIPLEXER APPLICATIONS 

Analog switches may be used in almost any circuit which requires 
a voltage switch. Typical applications for analog switches include 
their use in D/A converters, programmable gain amplifiers, filters, 
and integrators. Our main interest in these switches centers around 
their use in analog multiplexers used to switch multiple signal inputs 
to a common point for amplification and digitization. There are two 
types of switching devices that we will consider: those without de¬ 
coders and those with decoders. 

Switches Without Decoders 

Some analog switches, such as the Texas Instruments TL182C and 
the Analog Devices 7510, 7511, and 7512 devices, have control in¬ 
puts for each switch. The pin configurations for these integrated cir¬ 
cuits are shown in Fig. 5-12. This type of analog switch requires a 
logic one or a logic zero to actuate each switch. These switches find 
use in applications where more than one switch is to be actuated at 
one time, or where individual switch control may be needed. 

Another multiplexing example is shown in Fig. 5-13. In this cir¬ 
cuit, four thermocouples are being multiplexed in a differential mode. 

The two differential multiplexer outputs are connected to a common 

differential-input amplifier. Each thermocoupleJs^switcbecLand con- 

— neeted to^the ampMW^y app)®^ the appropriate level to the CK 
input for the selected thermocouple. The switches are individually 
controlled, so it is possible in this configuration to connect more than 
one thermocouple to the amplifier at one time. In this example you 
should note that although low-level thermocouple signals are being 
multiplexed, no preamplification or other signal conditioning is used. 

Switches With Decoders 

Switches used for analog signal multiplexing are generally more 
useful when they are equipped with built-in or on-chip decoder cir¬ 
cuits. These decoder circuits accept a parallel binary input and then 
turn on, or actuate, the correct switch corresponding to the binary 
code applied. The binary code can only represent a single value at 
one time, so only one switch at a time is actuated. Some examples 
of switches with decoders are shown in Fig. 5-14. The truth tables 
for these devices are also shown. The AD7506 is a 16-channel device 
and the AD7507 is an 8-channel device. 

When using analog multiplexers with on-chip decoders, it is still 
the user’s responsibility to provide the correct code for the channel 
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2S 2D NC NC 2A Vref 


Fig. 5-12. Pin configurations for typical 
multiplexer integrated circuits that do not 
contain decoding logic. 



Courtesy Analog Devices, Inc. 


(B) Analog Devices AD7510 series. 

required. Many decoder circuits also provide an enable connection. 
This type of an input allows the multiplexer scheme to be expanded 
to include a larger number of selectable channels. A typical example 
is the 32-channel multiplexer circuit shown in Fig. 5-15. In this ex¬ 
ample, a Siliconix DG506 multiplexer is used. Note the use of the 
enable input, pin 18. This input is used to allow switching between 
the two multiplexer devices by enabling one and disabling the other. 
Actually, this is immaterial to the user, since the enable input may 
be thought of as simply another address input. ^By using the enable 
inputs and additional TTL decoder integrated-circuits, the multi¬ 
plexer may be expanded almost indefinitely. 

MULTIPLEXER INTERFACING 

In many data-acquisition applications, where a number of analog 
inputs are to be digitized, multiplexers are used so that a single A/D 
converter may be shared among the inputs. In this type of a system. 
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MATERIAL B 



Courtesy Siliconix, Inc. 


Fig. 5-13. A thermocouple multiplexing example using four thermocouples as the 
signal sources and an instrumentation amplifier for signal recovery. 


it is the responsibility of the designer and programmer to allow the 
computer to have the ability to select the proper channel of the 
multiplexer. 

The multiplexers with on-chip decoders are probably the wisest 
choice since we can avoid the need for additional logic for switch 
selection. It will be necessary, however, to have an output port or 
latch available so that the channel code may be output by the com¬ 
puter and latched for as long as it is needed. The latch outputs are 
simply connected to the channel address inputs on the multiplexer 
device. If the multiplexer scheme shown in Fig. 5-15 is to be used 
with a computer interface, the latch’s outputs would be connected to 
the address inputs, A4 through AO. These would be connected 
through the latch to the computer’s data bus lines, D4 through DO. 
The binary data word latched at the output port would control the 
channel selected. 

While a standard latched output port will provide the multiplexer 
control necessary, there may be a better or more appropriate type 
of “latch” to use in this type of circuit. An SN74193 programmable, 
up-down binary counter will provide a number of useful functions 
not found in a latch alone. These functions are: 


• Parallel latching of a count value 

• Ability to increment the count 

• Ability to decrement the coimt 


141 






“ON” 

1 & 9 

2 & 10 
1 & 11 

4 & 12 

5 & 13 

6 & 14 

7 & 15 

8 & 16 
None 


(B) Truth tables. 

Courtesy Analog Devices, Inc. 

Fig. 5-14. Block diagrams and truth tables lor typical multiplexers with on-chip decoders. 
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Fig. 5-15. Circuit diagram of a 32-channel analog multiplexer using the Siliconix DG506 
multiplexer integrated circuits and an inverter. 


• Ability to clear the count to zero 

With these capabilities, we may now load a multiplexer channel 
number in the SN74193 counter, and we may also increment or 
decrement the count to switch from channel to channel in a sequen¬ 
tial fashion. The count may also be cleared to reset the multiplexer 
to Channel 0. A typical interface for a 16-channel programmable 
multiplexer is shown in Fig. 5-16. 

Remember that the multiplexer is under software control and that 
we can write our programs to take advantage of this flexibility. Soft¬ 
ware to sequence through the 16 channels is fairly simple; we only 
need to generate a command to increment the count stored in the 
SN74193 counter. In some cases, it may be necessary to sample a 
number of analog channels, but they may not be contiguous or se¬ 
quential. For example, it may be necessary to scan and digitize the 
signals present on Channels 9, 3, 5, 2, 9, 3, 5, 2, etc. Software to do 
this is shown in Example 5-1. 
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ANALOG INPUTS 



TO DATA BUS 


Fig. 5-16. A iiiicrocomputer<ontrolled analog multiplexer using software commands to 
select and control channel numbers. 

/EXAMPLE 5-1 

MVIA /LOAD REGISTER A WITH CHANNEL NUMBER 

on /011=DECIAAAL 9 

OUT /OUTPUT IT TO THE MPX 

351 

CALL /DO A CONVERSION 
ADC 
0 

MVIA /LOAD NEXT CHANNEL NUMBER 
003 

OUT /OUTPUT IT TO THE MPX 
351 


ETC 

In the software shown in Example 5-1, all of the channels to be 
scanned are indicated in the main program. It will prove difficult to 
change the channels to be scanned and the total number of channels 
to be scanned on a day-by-day basis, particularly if the program se¬ 
quence is stored in PROM or ROM. A more general approach is to 
use a scan table which indicates to a general-purpose scanning multi¬ 
plexer subroutine which channels are to be scanned and digitized. A 
detailed explanation of this type of software is provided in Unit 6. 
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In the temperature data-acquisition example which was discussed 
previously, the system might be expanded to include additional 
temperature sensors plus sensors for humidity, water levels, etc. Each 
of these sensors would be connected to a multiplexer and the multi¬ 
plexer’s output would be connected to the A/D converter’s input. 
Signal conditioning might be required for some of the sensors, de¬ 
pending upon the voltage or current levels produced by the sensor 
and the voltage input range of the A/D converter. For signals that 
might be changing rapidly, sample-and-hold modules might be re¬ 
quired, too. In addition, multiple displays of data files for each sensor 
could be made available and control software could be added to test 
for specific conditions present at each sensor. 

Future developments in the A/D converter field will probably lead 
to small, prepackaged data-acquisition systems that contain analog 
multiplexers, sampJe-and-hold circuits, and fast, accurate A/D con¬ 
verters. Prices for^both discrete data-acquisition “black boxes” and 
monolithic single-chip converter devices continue to fall, so we may 
also see the advent of inexpensive converters, allowing one A/D 
converter to be used with a single sensor. 

MULTIPLEXERS AND SAMPLE-AND-HOLD SYSTEMS 

Multiplexers and sample-and-hold devices are particularly useful 
when they are used together in data-acquisition systems. Two con¬ 
figurations are possible, one in which a single sample-and-hold de- 



Courtesy Analog Devices, Inc. 

Fig. 5A7. A typical data^cquisifion system using a single sample>and-hold module 
and a multiplexer. 


vice is used between an analog multiplexer and an A/D converter 
and another in which each channel has its own sample-and-hold 
device. The first configuration is shown in Fig. 5-17. 

The circuit shown in Fig. 5-17 is an economic solution to a multi¬ 
channel data-acquisition task. It is easily expanded by adding more 
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multiplexers. The system operates by switching to an active channel 
of interest, sampling the signal, and digitizing it. The process can, 
however, introduce tens of microseconds of delay between the actual 
measurements taking place. This delay is due to the switching time 
of the multiplexer, the acquisition time and the settling time of the 
sample-and“hold circuit, and the conversion time required by the 
A/D converter. The time between samples may be slightly reduced 
by having the multiplexer switch to the next channel of interest after 
the sample has been acquired and held by the sample-and-hold 
circuit. 

In a system such as this, the inputs may be digitized sequentially 
or at random. The random mode of operation will find use in appli¬ 
cations where it is necessary to input and digitize data from various 
channels at different rates. 

The second data-acquisition system uses one sample-and-hold de¬ 
vice per analog input. This type of configuration is more expensive 
than the one shown in Fig. 5-17, but it is useful in those applications 
which require the simultaneous measurement of a number of analog 
signals. This would be the case in the analysis of transient phe¬ 
nomena or frequency-dependent measurements taken during vibra¬ 
tional testing. 

In this second mode of operation, all of the sample-and-hold de¬ 
vices are switched from the sample mode to the hold mode at the 



Courtesy Analog Devices, Inc. 

Fig. 5-18. A typical multiplexed simultaneous sampling system in which one sample-and- 
hold device is used with each input channel. 


146 






same time. The anaolg signals are thus maintained until they can be 
digitized in sequence, again using a single A/D converter with an 
analog multiplexer to switch the many analog inputs to the converter. 
A typical system is shown in Fig. 5-18. 

If the digitizing takes some time to complete, low-droop-rate 
sample-and-hold devices must be used. The droop rate must be such 
that the output of the last channel to be digitized does not change by 
enough to seriously affect the data value associated with its sensor. 
For example, if 10 channels are to be measured in a simultaneous 
sampling system, and if the channels are sequenced at 20 micro¬ 
seconds per channel, it will take 180 microseconds until the digitiza¬ 
tion of the analog value at the last channel is started. If a 10-bit 
A/D converter is being used, the droop rate must be such that the 
output of the last sample-and-hold is still within one part in 1024 
after 180 microseconds. 

In cases such as this, where fast acquisition speeds and low droop 
rates are required, a cascaded sample-and-hold system such as that 
previously discussed would be useful. This is illustrated in Fig. 5-9. 
As you will see in the next unit, the single sample-and-hold device 
is the solution generally applied to data-acquisition problems. 

SIGNAL PROCESSING 

While most details of signal processing are beyond the scope of 
this book, which has focused upon the converter device interfacing 
and software interaction, it is important that you understand some 
of the terms associated with signal processing. We also provide some 
references for you so that you will have further information avail¬ 
able if signal processing proves to be important in your particular 
application. 

In this book we have assumed that you can provide a “clean,” 
noise-free signal that is to be digitized with an A/D converter, or 
that you can use the voltage or the current output by a D/A con¬ 
verter. These are, however, ideal conditions and your application may 
require filtering to reduce noise, wider dynamic ranges for signals 
covering several decades, or ratiometric conversions where the ratio 
of one signal to another is important and not the actual values of the 
two signals. 

Noise 

Noise comes in many forms and it may be reduced by filtering, 
integration, signal correlation, etc., or it may be accepted and worked 
around. In any case, the subject of noise is a complex one, better 
handled by others. We recommend the Instrumentation for Scientists 
Series, Module 4, Optimization of Electronic Measurement:^ and The 
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Design of Active Filters,^ both of which are noted among the refer¬ 
ences used in this unit. 

Dynamic Range 

The dynamic range, or the number of decades over which the sig¬ 
nal varies, may be larger than can be handled with accuracy by many 
converters. Programmable-gain instrumentation amplifiers may be 
used to provide the necessary full-scale voltage required by an A/D 
converter. The gain may be programmed under software control, if 
necessary, or the gain may be autoranging, as is the case in some 
digital panel meters. Amplifiers with a logarithmic response could 
also be used to output, say, 1 volt per decade of input voltage. Thus, 
a change from 0.01 volt to 0.1 volt at the input would generate a 
1-volt change in the logarithmic amplifier’s output, as would the 
change from 0.1 volt to 1.0 volt. 

Rafiometric Conversions 

It is often necessary to measure the ratio of one signal to another, 
rather than the actual value of the signals. This can be done by digi¬ 
tizing each value and then performing the ratio or mathematics in 
software, or by using a ratiometric A/D converter. This type of an 
A/D converter accepts two inputs and outputs a value which repre¬ 
sents the ratio between them. 

REFERENCES 

1. Sheingold, D. H., ed., Analog-Digital Conversion Notes, Analog Devices, 
Inc., Norwood, MA 02062, 1977. 
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4. Siliconix, Inc., Analog Switches and Their Applications, Siliconix, Inc., Santa 
Clara, CA 95054, 1976. 

5. Malmstadt, H. V., et aL, Instrumentation for Scientists Series, Module 4, 
Optimization of Electronic Measurements, W. A. Benjamin, Inc., Menlo Park, 
CA 94025, 1974. 

6. Berlin, H. M., Design of Active Filters, With Experiments, Howard W. Sams, 
& Co., Inc., Indianapolis, IN 46268, 1978. 
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6 


M 


of Bits, Boards, and 
Black Boxes 


INTRODUCTION TO THIS UNIT 

In the past few years, analog module manufacturers have made the 
analog-to-digital converter interfacing task easier by incorporating 
interface-like devices such as three-state outputs and latched inputs, 
within the converter modules. With the introduction of sets of micro¬ 
computer modules from companies such as Control Logic and Pro- 
Log and the introduction of single board computers, such as those 
available from Intel, Motorola, and National Semiconductor, module 
manufacturers have also started to provide complete, ready-to-use 
analog interfaces that are compatible with the various bus signals. 
These boards or cards provide an easy way to add digital and analog 
converter capabilities to small computer systems. 

BLACK BOXES-DATA-ACQUISITION MODULES 

Modular data-acquisition. packages or devices generally provide a 
complete analog-to-digital converter interface for microcomputer or 
minicomputer systems. Except in those instances where special needs 
are not easily met, you will find it less expensive to purchase a data- 
acquisition module than to attempt to construct one yourself. 

Data-acquisition modules currently cost about $300 each, although 
the current trend indicates that the modules will become smaller and 
less expensive as semiconductor manufacturers start to integrate the 
necessary circuitry within a single integrated-circuit package. The 
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.ata-acquisition modules currently available have the following 
features: 

• 16-channel, single-ended analog inputs or 8-channel differential 
analog inputs 

• Complete multiplexer control for random or sequential channel 
selection 

• Internal differential amplifier and sample-and-hold 

• 12-bit binary A/D converter 

• Internal logic for timing and control 

• Typically a 7.5-by-12.5 centimeter package 

• Conversion rates of up to 50 kHz 

All of the necessary control circuitry is contained within the mod¬ 
ule, including the control for the sample-and-hold and A/D con¬ 
verter. The user must supply the connections to the microcomputer’s 
data and control bus signals. 

Data-acquisition modules are available from a number of com¬ 
panies. A representative sample of manufacturers and the modules 
that they produce is listed as follows: 

ADAC Corporation, Woburn, MA 01801 

ADAM-12 16-Channel, 12-bit A/D Converter 

Analog Devices, Inc., Norwood, MA 02062 

DAS 1128 16-Channel, 12-bit A/D Converter 

Analogic Corporation, Wakefield, MA 01880 
MP6812 16-ChanneI, 12-bit A/D Converter 

Burr-Brown Research Corp., Tucson, AZ 85734 

SDM853 16-Channel, 12-bit A/D Converter 

MP-20 16-Channel, 8-bit A/D Converter 

Data Translation, Inc., Framingham, MA 01701 
DT5701 16-Channel, 12-bit A/D Converter 

DT820 8-Channel, 8-bit A/D Converter 

Datel Systems, Inc., Canton, MA 02021 

MDAS-16 16-Channel, 12-bit A/D Converter 
MDAS-8D 8-Channel differential, 12-bit A/D 

There are a number of other data-acquisition-module manufac¬ 
turers that we have not been able to list in the chart above. Many of 
the manufacturers listed have a variety of different modules with fea- 




Fig. 6-1. A typical 16<hannel data-acquisifion module with a 12-bit A/D converter and 

control logic. 


tures such as differential inputs, multiplexer expanders, etc. They 
are too numerous to list here. 

A typical data-acquisition module is shown in Fig. 6-1. You 
should be able to quickly identify the analog multiplexer, the sample- 
and-hold, and the 12-bit analog-to-digital converter sections. You 
will also notice that a programmable counter has been used to supply 
the multiplexer’s 4-bit address. A differential amplifier is also sup¬ 
plied so that this particular module may be used in either the single- 
ended or differential mode. 

There are some important characteristics of data-acquisition mod¬ 
ules that should be considered before one is chosen for use in an 
interface. Some questions, which you may find important, are listed 
as follows: 

1. Are all of the internal devices connected and ready to use? 

Some modules may have uncommitted multiplexers, sample- 
and-hold devices, and A/D converters. In this case, you can 
connect the devices as they are needed, but this may make the 
module difficult to use, particularly if this is a first attempt at 
A/D converter interfacing. Most module manufacturers sup¬ 
ply detailed application infomiation that covers the set-up and 
use of their devices. 

2. Are the inputs and outputs compatible with the signals pro¬ 
vided and required by the microcomputer? 
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Some of the available modules have three-state parallel data 
output lines that are compatible with most microcomputer data 
buses. This is the case for the DATAX module shown in Fig. 
6-1. This module also has individual byte control lines so that 
the 12-bit data from the A/D converter may be input in an 
8-bit byte and a 4-bit byte. 

Modules such as the Analog Devices DAS1128 and the Data 
Translation DT820 do not have three-state outputs. This makes 
them slightly more complicated to interface, since you must 
supply the three-state buffers that will enable the data-acquisi- 
tion modules to be compatible with the microcomputer’s three- 
state bus. Devices such as the 8212 and DM8095 (SN74365) 
are not expensive, but device decoders and other circuit ele¬ 
ments will be needed, too, adding to the total interface cir¬ 
cuitry required. 

3. Are the power supply requirements met within your present 
microcomputer system? 

Many microcomputer and microprocessor vendors place a great 
deal of emphasis on the use of a single power supply, gen¬ 
erally +5 volts, to power a small microcomputer system. If 
this is the case in your microcomputer system, you will have to 
add power supplies for the +15 volts and —15 volts generally 
required by data-acquisition modules. Almost all of the data- 
acquisition modules will require +5 volts, but to avoid power 
supply noise you may wish to include a separate power supply 
for the +5 volts needed by the module. Our experience has 
shown that open-frame power supplies often require additional 
filtering if they are to be used with a high-accuracy data- 
acquisition module. 

4. Can the number of analog channels be expanded? Can the in¬ 
puts be used in the single-ended mode or in the differential 
mode without having to change to a different module? 

Many modules can be expanded to include additional analog 
channels. This usually requires an additional multiplexer mod¬ 
ule. There is a limit of about 64 channels that may be accom¬ 
modated by a data-acquisition module. Most modules may be 
used in either the single-ended or differential modes without 
changing to another device. Some modules do require addi¬ 
tional circuitry if you wish to expand to more analog channels 
or if you wish to use differential inputs instead of single-ended 
inputs. 
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DATA-ACQUISmON MODULE INTERFACING 

Interfacing data-acquisition modules to microcomputers is not diffi¬ 
cult, particularly when a module with three-state data outputs has 
been selected for use. Modules without the three-state outputs will 
require additional three-state buffers so that they can be connected 
to the microcompupter’s data bus. Fig. 6-2 shows a typical interface 
in which an AD AC Corporation ADAM-12 module has been used. 

The ADAM-12 interface provides address decoding for accumu¬ 
lator I/O, although memory-mapped I/O could have been used. A 
6 -bit binary comparator integrated circuit, the DM8160, has been 



Fig. 6-2. An interface for an ADAM-12 data-acquisition module. 


chosen to help simplify the address decoding shown in Fig. 6-2. The 
only connections to the microcomputer are the 82 ;Wt dat a bus , the 
8 -bit low-address bus, and the two control signals: IN and OUT. 

The four control signals and their actions are listed as follows: 

OUT 300 Load the four least significant bits of data in the 8080’s 
A register (accumulator) into the multiplexer channel 
select latch. 
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IN 300 Start a conversion process within the ADAM-12. 

OUT 301 Input the eight least significant bits of the A/D con¬ 
verter’s data. 

IN 301 Input the four most significant bits of the A/D con¬ 
verter’s data and the end-of-conversion flag (in posi¬ 
tion D7). 

You should observe that only four additional integrated circuits 
are required in addition to the ADAM-12 module. These are an 
SN7442 decoder, an SN7404 inverter, an SN74126 three-state buffer, 
and the DM8160 comparator. 


DATA-ACQUiSITION SOFTWARE 

The software necessary to control the ADAM-12 module is very 
similar to the program required to control a 10-bit A/D converter. 
The main difference is that a multiplexer address of 0 through 15 
must be entered into the module prior to the start of a conversion. 
When only one of the 16 channels is to be used, the multiplexer 
channel address can be loaded into the module at the start of the 
program. There will be no need to change or update it as the pro¬ 
gram executes. 

It is interesting to note that the data output by the ADAM-12 
module is actually the inverse of what we would expect. Obviously, 
there is an inversion taking place somewhere in the system. This 
could be corrected by using additional circuitry to perform the data 
inversion, but a software command can perform the same function. 
We will use the complement-register-A instruction, cma. 


/EXAMPLE 6-1 

/DATA ACQUISITION SOFTWARE FOR AN ADAC CORP. 
/ADAM-12 MODULE 


030 000 061 
030 001 377 
030 002 030 
030 003 303 

030 004 on 

030 005 030 
030 006 315 
030 007 250 
030 010 030 
030 011 016 
030 012 020 
030 013 021 
030 014 202 
030 015 030 
030 016 052 


*030 000 
START, LXJSP 
377 
030 
JMP 

LOOP+ 3 
0 

LOOP, CALL 
DELAY 
0 

MVIC 
020 
LX ID 
STORE 
0 

LHLD 


/LOAD STACK POINTER 


/JUMP OVER DELAY FIRST TIME THRU 


/CALL A TIME DELAY 


/POINT COUNTER 

/020=16 DECIMAL 

/SET UP STORAGE ADDRESS 


/GET STATUS WORDS TO H & L 
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030 017 200 


STATUS 


030 020 030 


0 


030 021 051 

NEXT, 

DADH 

/THIS IS A 16 BIT ROTATION 

030 022 322 


JNC 


030 023 031 


OVER 


030 024 030 


0 


030 025 043 


INXH 

/IF OVERFLOW, ROTATE A 1 INTO 1 

030 026 303 


JAAP 

/IF STATUS IS A 1, GET DATA 

030 027 042 


CONVRT 


030 030 030 


0 


030 031 023 

OVER, 

fNXD 

/IF NOT, MOVE ADDR POINTER 

030 032 023 


INXD 

/FOR THE NEXT POINT 

030 033 015 


DCRC 

/AU POINTS DONE? 

030 034 302 


JNZ 

/NO, DO NEXT ONE 

030 035 021 


NEXT 


030 036 030 


0 


030 037 303 


JAAP 

/YES, REINITIALIZE 

030 040 006 


LOOP 


030 041 030 


0 




/ADC SOFTWARE FOR CONTROLLING 



/THE ADAM-12 MODULE 

030 042 015 

CONVRT, 

DCRC 

/DECREMENT THE COUNT 

030 043 171 


AAOVAC 

/MOVE IT TO A 

030 044 323 


OUT 

/OUTPUT IT AS THE MPX ADDR 

030 045 300 


300 


030 046 323 


OUT 

/START A CONVERSION 

030 047 301 


301 


030 050 333 

EOC, 

IN 

/INPUT ADC STATUS AND 4 MSB'S 

030 051 301 


301 


030 052 267 


ORAA 

/SET THE FLAGS 

030 053 372 


JAA 

/NOT DONE, CHECK AGAIN 

030 054 050 


EOC, 


030 055 030 


0 


030 056 057 


CAAA 

/DONE, COMPLEMENT DATA 

030 057 346 


ANI 

/AAASK OUT UNUSED BITS 

030 060 017 


017 


030 061 107 


AAOVBA 

/STORE DATA IN B 

030 062 333 


IN 

/INPUT 8 LSB'S 

030 063 300 


300 


030 064 057 


CAAA 


030 065 022 


STAXD 

/STORE DATA 

030 066 023 


INXD 


030 067 170 


AAOVAB 


030 070 022 


STAXD 


030 071 023 


INXD 


030 072 171 


AAOVAC 

/CHECK COUNT 

030 073 247 


ANAA 

/SET FLAGS 

030 074 312 


JZ 


030 075 006 


LOOP 


030 076 030 


0 


030 077 303 


JAAP 


030 100 021 


NEXT 


030 101 030 


0 




/DATA STORAGE AREA 
*030 200 


020 200 000 

STATUS, 

0 

/STATUS BITS FOR CHANNELS 7-0 

030 201 000 


0 

/STATUS BITS FOR CHANNELS 15-8 

030 202 000 

STORE, 

0 

/DATA STORAGE AREA STARTS HERE 




/AND USES 32 LOCATIONS 



/STANDARD TIME DELAY SUBROUTINE 



*030 250 


030 250 365 

DEUY, 

PUSHPSW 


030 251 325 


PUSHD 


030 252 021 


LXID 


030 253 000 


000 

/TIMING BYTES 

030 254 no 


no 


030 255 033 

DEC, 

DCXD 


030 256 172 


MOVAD 


030 257 263 


ORAE 


030 260 302 


JNZ 


030 261 255 


DEC 


030 262 030 


0 


030 263 321 


POPD 


030 264 361 


POPPSW 


030 265 311 


RET 


The program shown in Example 6-1 shows how a microcomputer 


could be used to input and store data from up to 16 channels. Each 
of the analog channels may be active (on) or inactive (off), as re¬ 
quired for a specific application. The on and off channels are repre¬ 
sented by a 16-bit status word stored in two consecutive bytes of 
read/write memory. The status word may be established prior to the 
use of the data-acquisition program. Switch or teletypewriter inputs 
are an effective means of establishing the on and the off channels. 
Of course, software commands are used to set up the 16-bit status 
word. Software to do this is not shown in Example 6-1. 

The 12-bit data obtained from the A/D converter will be stored 
in two consecutive read/write memory locations associated with a 
particular channel. If a channel is inactive, no new data is stored. 
The channels will be scanned in sequence, Channel 15 through Chan¬ 
nel 0 and then back to Channel 15 again. 

A call to a time-delay subroutine, DELAY, has been provided so 
that the active channels may be scanned once each delay period. The 
actual time-delay period is determined by the two timing bytes noted 
in the DELAY subroutine. These bytes may be changed for a par¬ 
ticular application. If, for example, the time delay is set up for a one- 
second period, all active channels will be sampled quickly and then 
the computer will “wait” one second before sampling them again. 

An external interrupt-based timer or a flag timer could also be 
used to indicate when the conversions and scans are to be performed, 
but these are not shown in the example. 
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OTHER DATA-ACQUISITION MODULES 


Another type of data-acquisition module is the Burr-Brown Re¬ 
search Corporation’s MP-20 device. This is a small module designed 
specifically to interface with 8080-type microprocessor chips such 
as the 8080A, 8085, and Z80. The MP-20 is smaller than most 
other “black box” modules that have been mentioned so far. The 
MP-20 has some specific differences that are important to note; 

• The MP-20 has internal device decoding logic so that it may 
be connected directly to the 8080’s address bus. The actual de¬ 
vice addresses used with the module are selected by the user by 
applying logic zero or logic one levels to 11 address-select 
comparator pins. 

• The memory-mapped I/O technique is used to control the de¬ 
vice. This allows all of the memory reference instructions to 
be used. The MP-20 could also be used with accumulator I/O 
if this was desired. 

• The A/D converter has eight bits of resolution; a sample-and- 
hold circuit is not incorporated within the package. Sample-and- 
hold devices could be added to each channel, but this would 
require additional control circuitry. 

• The converter’s status is indicated by a single output, READY. 
This output may be connected directly to the 8080’s READY 
input, thus placing the 8080 in a WAIT state until the conver¬ 
sion has been completed. This means that the 8080 cannot 
process any other software steps while waiting for the end of 
conversion. The MP-20’s READY could also be used as a flag 
for software or interrupt control. The READY output is not 
three-state. 

A block diagram of the MP-20 is shown in Fig. 6-3. Note that the 
multiplexer, amplifier, and A/D converter are not connected to each 
other. It is our opinion that the MP-20 will find application in many 
microcomputer systems where eight bits of resolution and the lack 
of a sample-and-hold circuit are acceptable. Burr-Brown has a de¬ 
tailed application note that covers the MP-20 device. An equivalent 
device, the MP-21, is available for 6800-type microcomputers. 

BOARDS: PLUG-IN ANALOG INPUT AND OUTPUT 

Many of the analog converter manufacturers and the microcom¬ 
puter manufacturers now have completely interfaced analog input/ 
output boards that are plug compatible with many of the existing 
microcomputer systems. This means that the analog/digital inter- 
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facing task is often reduced to the selection, purchase, and plug-in of 
the necessary analog I/O board. 

These converter interfaces are available in either memory-mapped 
or accumulator I/O configurations. Some are available with both 
types of I/O, the choice being made by the user through the selection 
of jumper options made with short jumper wires. 

Some of the A/D and D/A converter interface board manufac¬ 
turers are listed as follows. The boards listed are compatible with 
the single-board computer bus developed by Intel Corporation for 
their SBC-80/10 and SBC-80/20 microcomputers. 

ADAC Corporation, Wobum, MA 01801 

735 Series 16-Channel, 12-bit A/D, two 12-bit D/A con¬ 
verters, and an on-board clock 

Analog Devices, Inc., Norwood, MA 02062 

RTI-1200 16-Channel, 12-bit A/D, two 12-bit D/A con¬ 
verters, 2708 PROM socket, real-time clock, and 
control outputs 
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Burr-Brown Research Corporation, Tucson, AZ 85734 

MP8616 16-Channel, 12-bit A/D Converter 

MP8616AO MP8616 with an 8-bit D/A 

Data Translation, Inc,, Framingham, MA 01701 

DT1571 16-Channel, 12-bit A/D, two 12-bit D/A con¬ 
verters 

Datel Systems, Inc., Canton, MA 02021 

ST-80016D 16-Channel (differential), 12-bit A/D converter 

ST-800DA4 Four 12-bit D/A converters 

We believe that these analog/digital interface boards are repre¬ 
sentative of the many 8080-compatible boards available. Portions 
of the data sheets for the Analog Devices RTI-1200 and the Burr- 
Brown MP8600 series are provided in the appendices. 

Most of the analog I/O boards will require extensive software to 
get them to operate effectively. As you are probably aware, software 
takes the greatest portion of the time devoted to interfacing. This is 
also true when interfaces are provided for you in plug-in form. Most 
of the user’s manuals provided with analog I/O boards are seriously 
lacking in the area of software support. Some suppliers provide set-up 
and test routines, but few provide any additional software examples 
that might be useful when you attempt to use the interface. This is 
unfortunate. 

One exception is the user’s manual for the Analog Devices RTI- 
1200 interface. This manual contains over a dozen software exam¬ 
ples which are usrful during both set-up and calibration and during 
the actual application of the RTI-1200. The manual itself is over 
50 pages. 

The available analog I/O boards provide an easy means of inter¬ 
facing analog signals to microcomputer systems. They simplify the 
hardware design, but their use must be carefully evaluated. Their 
drawback is that they may be too complex and too expensive for the 
problem at hand, thus slowing down the overall effort. The software 
to operate the board may also be complex, taking longer to develop 
than would the software for a simple A/D converter. 

BITS . . . AND THINGS 

We are frequently faced with microcomputer systems in which 
there is a variety of converter bit-lengths. Eight-, 10-, or 12-bit 
digital-to-analog and analog-to-digital converters may be used to¬ 
gether in a system where different resolutions are required for both 
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analog inputs and analog outputs. For example, data may be ac¬ 
quired using an 8-bit A/D converter and then displayed using a 
10-bit D/A converter. The question quickly arises, what do we do 
with the bits? In the situation where the various converters have the 
same number of bits, there is not a problem. Where there are differ¬ 
ent bit-lengths, there are some special considerations. 

Input Greater Than Output 

In the case where the number of bits that are input from an A/D 
converter is greater than the number of data bits available at the 
D/A converter that will be used to output the data, there is no great 
difficulty in treating the data. 

A typical example is posed by a system having a 10-bit A/D con¬ 
verter and an 8-bit D/A converter, which will be used to display or 
plot the data. In this case, it is easy for the computer to ^‘ignore” the 
least significant bits of the 10-bit data word. The D/A converter’s 
output will not have as great a resolution as the A/D converter that 
was used to acquire the data. Even if the two least significant bits of 
the 10-bit word are ignored, the signal output will still be in error by 
less than +1 least significant bit of the 8-bit word: 

10-bit A/D converter’s input value 0111110011 
8-bit D/A converter’s output value 01111100 

The two least significant bits of the 10-bit data word, 11, have been 
ignored by the D/A converter. This bit manipulation was performed 
by the programs shown in Examples 6-2 and 6-3. 

/EXAMPLE 6-2 ROUTINE TO CONVERT 10-BIT DATA 
/TO 8-BIT DATA FOR D/A OUTPUT 


*003 100 


003 

100 

170 

MOVAB 

/GET 2 MSB'S 

003 

101 

037 

RAR 

/ROTATE RIGHT INTO CARRY 

003 

102 

107 

MOVBA 

/PUT RESULT BACK 

003 

103 

171 

MOVAC 

/GET 8 LSB'S 

003 

104 

037 

RAR 

/ROTATE PREVIOUS CARRY INTO A 

003 

105 

117 

MOVCA 

/PUT RESULT BACK 

003 

106 

170 

MOVAB 

/DO IT AGAIN FOR NEXT BIT 

003 

107 

037 

RAR 


003 

no 

107 

MOVBA 


003 

111 

171 

MOVAC 


003 

112 

037 

RAR 


003 

113 

117 

MOVCA 



/EXAMPLE 6-3 ROUTINE TO CONVERT 10-BIT DATA 
/TO 8-BIT DATA FOR D/A OUTPUT, USING ROTATE 
/AND MASKING INSTRUCTIONS 

*003 100 

003 100 171 MOVAC /GET THE 8 LSB'S 
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003 

101 

017 

RRC 

003 

102 

017 

RRC 

003 

103 

346 

ANI 

003 

104 

077 

077 

003 

105 

117 

MOVCA 

003 

106 

170 

MOVAB 

003 

107 

017 

RRC 

003 

no 

017 

RRC 

003 

111 

346 

ANI 

003 

112 

300 

300 

003 

113 

261 

ORAC 

003 

114 

117 

MOVCA 


/ROTATE THE DATA RIGHT 
/ROTATE IT AGAIN 
/AAASK OUT THE 2 MSB'S WHICH 
/ARE OLD DO AND D1 
/STORE IT BACK IN REG C 
/GET THE 2 AASB'S 
/ROTATE IT, TOO 

/MASK OUT ALL BUT THE 
12 MSB'S 

/OR IT WITH REG C 
/STORE RESULT IN REG C 


In Example 6-2, the 10 bits of data are simply rotated to the right, 
eliminating bits D1 and DO of the original data word. The carry bit 
is used to transfer bits from the 8080’s B register to the C register 
during the rotate instructions. 

Example 6-3 works in a similar fashion, except that the two 8-bit 
portions of the 10-bit data word are rotated independently and then 
finally combined into one 8-bit word through the use of logical opera¬ 
tions. Remember that even though only two bits of one 8-bit data 
word are used, the entire 8-bit word is processed by 8080 logical 
instructions. These two most significant bits are stored in the 8080’s 
B register, bits D1 and DO. The remaining eight bits are stored in 
register C. You should be able to use paper and pencil to follow 
through the sequence of program steps in Examples 6-2 and 6-3. 

A more complicated software routine is required if we wish to 
“round” the 8-bit result so that it more accurately reflects the value 
of the original 10-bit data word that is being truncated. Before we 
examine the software that may be used, we should decide exactly 
what needs to be done. Here are four 10-bit numbers, all of which 
have the same most significant eight bits: 

oiunoooo OTimoqoi oninooio oinnoo.n 

As you can see, the two least significant bits can occur in any one of 
four possible conditions without affecting the eight most significant 
bits. We will use the following rules for rounding the most signifi¬ 
cant eight bits, based upon the value of the two least significant bits. 
The following rounding rules will apply: 

Two LSBs Rounding 

0 0 None 

0 1 None 

1 0 Add 1 to the 8 MSBs 

1 1 Add 1 to the 8 MSBs 

Actually, the software to do this is fairly simple, since rounding 
will be accomplished simply by adding the value 000000001 02 to 
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the 10-bit data value. The addition performs the rounding in all 
four cases: 

0111110000 0111110001 0111110010 0111110011 

+ 0000000010 + 0000000010 + 0000000010 + 0000000010 

0111110010 0111110011 0111110100 0111110101 

Only in the two cases where the two least significant bits are 10 
and 11 does the rounding actually change the value of the eight most 
significant bits. After the addition is completed, the 10-bit result may 
be treated as per Examples 6-2 and 6-3. The rounding results in a 
better representation of the data values input from a 10-bit source 
and output to an 8-bit destination. 

There is, however, a limiting case that must be tested for in the 
rounding program. Suppose that we had the values 1111111110 or 
1111111111. Should they be rounded? If they are, the resulting 8-bit 
value will be 00000000 in both cases, with an overflow occurring as 
the result of the addition of 0000000010 to the data. This is unac¬ 
ceptable, since the rounding would actually change the two greatest 
values to zero. 

This problem may be avoided by testing for the overflow that 
would be caused by the addition of 0000000010 to either 
1111111110 or 1111111111. If an overflow occurs, it would be indi¬ 
cated by the 11th bit, or if we are still using registers B and C, by 
bit D2 in register B. The software shown in Example 6-4 performs 
the rounding, the rotations, and the rounding check. If an overflow 
is detected, the result is decremented by one to restore it to 11111111. 

/EXAMPLE 6-4 ROUTINE TO ROUND A 10-BIT NUMBER 
/TO BE OUTPUT TO AN 8-BlT D/A CONVERTER 


*003 100 


003 

100 

003 

INXB 

/ADD 2 TO THE 10-BIT NUMBER 

003 

101 

003 

INXB 


003 

102 

170 

MOVAB 

/this is the same as ex 6-2 

003 

103 

037 

RAR 

/IT ROTATE THE NUMBER 

003 

104 

107 

MOVBA 

■ 

003 

105 

171 

MOVAC 


003 

106 

037 

RAR 


003 

107 

117 

MOVCA 


003 

no 

170 

MOVAB 


003 

111 

037 

RAR 


003 

112 

107 

MOVBA 


003 

113 

171 

MOVAC 


003 

114 

037 

RAR 


003 

115 

117 

MOVCA 


003 

116 

170 

MOVAB 

/GET WHAT IS LEFT OF THE 2 /WSB'S 

003 

117 

037 

RAR 

/ROTATE ANY CARRY FROM ADD'N INTO 

003 

120 

322 

JNC 

/into carry BIT 

003 

121 

124 

OK 

/IF NO GARRY, ROUNDING IS OK 
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003 122 003 
003 123 015 
003 124 000 OK, 


0 

DCRC 

NOP 


/DECREMENT C IF ROUNDING WENT TOO FAR 
/ROUTINE ENDS HERE 


Output Greater Than Input 

This case occurs when the input device has less resolution than 
the output device. Perhaps a signal is digitized to eight bits of reso¬ 
lution, but it is necessary to output the data to a 10-bit D/A con¬ 
verter. Data from a 10-bit A/D converter will also be output on the 
10-bit D/A converter and we would like the data from the 10-bit 
and the 8-bit A/D converter to have the same full-scale output when 
they are displayed. This will make comparisons of data values easy. 

The eight bits of data generated by the 8-bit A/D converter may 
be positioned in any of three places within a 10-bit data word. We 
will assume that the bits are not going to be “split” apart. This is 
shown in the following groups of 10-bit words: 

oaxxxxxxxx or OXXXXXXXXO or XXXXXXXXOO 

Here the Xs represent the eight bits of the 8-bit data word. If the 
data is output to the 10-bit D/A converter as shown in the left-most 
example, the D/A converter’s output will only reach one-quarter of 
its full-scale output, even for the largest 8-bit data word, 11111111, 
since it will be output as 0011111111. This limitation could be over¬ 
come by installing an amplifier with a gain of four on the output of 
the D/A converter, but this would also amplify the output from the 
normal 10-bit values. This is not acceptable. 

The middle case also has limitations, since the maximum value 
would be output as only one-half of the full-scale output available 
from the 10-bit D/A converter. Moving the eight bits two positions 
to the left makes the most sense. This approaches the full-scale out¬ 
put of the 10-bit D/A converter. In fact, it comes to within three 
voltage steps of it. . 

Moving the eight bits to the left to form a 10-bit data word should 
not be a problem for you. Rotate instructions such as those used in 
Example 6-2 may be used with the rotation direction changed from 
right to left. The 8-bit data output is still accurate to one part in 256 
and it is now readily compared to signals that have equal full-scale 
voltages, but that have been digitized to 10-bit resoluion. 
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7 


Experiments With 
Digitai-to-Analog and 
Analog-to-Digital 
Converters 


INTRODUCTION TO THE EXPERIMENTS 

We have chosen to set aside a special unit for the D/A converter 
and A/D converter experiments. The main reason for doing this is 
that it will save you time when performing a series of the experi¬ 
ments. Many of the circuits and software steps are used in slightly 
different coMgurations in sequential experiments. With the experi¬ 
ments located in one section of this book, it is easy to go from one 
experiment to the next without having to dismantle your equipment 
only to rewire it again in the next unit. 

Please heed the notes at the end of some of the experiments. These 
notes will tell you what should be saved and not removed from your 
breadboard as you go on to the next experiment. If portions of pro¬ 
grams are to be saved, remember to leave the power applied to your 
computer. 

Unlike some of the experiments in the other books of the Black- 
burg Continuing Education Series, the experiments in this book will 
require some extensive circuit breadboarding and some long programs 
to operate correctly. Please take extra care when loading programs 
and wiring the interface circuits. This will decrease the amount of 
time spent debugging your program and circuit when they do not 


164 



work as they should. To simplify some of the circuitry, we have de¬ 
veloped the LR-35 Outboard® which provides you with a double- 
buffered 10-bit digital-to-analog converter with all of the necessary 
support circuitry. This unit is particularly useful with the popular 
breadboarding sockets such as the SK-10 socket. Both the bread¬ 
boarding sockets and the LR-35 Outboard are available from E&L 
Instruments, Inc., Derby, CT 06418. 

If you would rather build or breadboard the 10-bit A/D con¬ 
verter yourself, the complete circuit for the LR-35 is shown in Fig. 
7-1. We have used an Analog Devices AD7522 10-bit D/A con¬ 
verter device on the LR-35. An equivalent double-buffered, 10-bit 
D/A converter may be substituted in the experiments if this is prefer¬ 
able to you. 



(B) Circuit using an SN7404 or SN7405 integrated circuit. 

Fig. 7-1. Two typical lamp monitor circuits. 


Many of the experiments will reference specific hardware that is 
used in the interface circuit. Please feel free to implement equivalent 
circuits if you cannot obtain the parts specified. The examples and 
figures provided in previous units will provide you with good design 
examples that you should be able to use. 

Some of the experiments use two output ports, each of which is 
equipped with eight light-emitting diodes (LEDSs) so that binary 
data may be output under software control. If this type of output 
port is not available on your computer, we suggest that you imple¬ 
ment some latch circuits using one of the many schemes outlined in 
The 8080A Bugbook or Introductory Experiments in Digital Elec¬ 
tronics and 8080A Microcomputer Programming and Interfacing, 
Book 2, published by Howard W. Sams & Co,, Inc. The two ports 
that we used were assigned device addresses of 002 and 000 (02 and 
00 hexadecimal). 
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The lamp monitor specified in the schematic for the circuit used 
in Experiment 3 may be one section of an LR-6 Lamp Monitor 
Outboard, or it may be a simple LED with an appropriate driver. 
Many such circuits are shown in Unit 6 Logic &, Memory Experi¬ 
ments Using TTL Integrated Circuits, Book 2, published by Howard 
W. Sams & Co., Inc. Two typical lamp monitor circuits are shown 
in Fig. 7-1. Either may be used. If you use an SN7404 or an 
SN7405, pin 14 must be connected to +5 volts and pin 7 must 
be connected to ground to supply power to the integrated circuit. 

The experiments have been configured so that they are readily 
implemented on most 8080-based microcomputer/microprocessor 
systems. We used an E&L Instruments Mini-Micro Designer (MMD- 
1) computer, which has an 8-bit bidirectional data bus (unin¬ 
verted) and a 16-bit unidirectional address bus. Some computers, 
such as the Intel SBC-80/10, have inverted data and address 
buses. Some systems will also require additional handshaking cir¬ 
cuitry that is not implemented in our experiments. 

We have used the notatio n IN for the computer’s I/O read 
signal and the notation OUT for the computer’s I/O write signal. 
These signals are only generated b y accu mula tor I/O transfer com¬ 
mands. They are equivalent to the I/OR and I/OW signals present 
in other computer systems. The experiments use device codes 003, 
004, 005, and 006. The MMD-1 computer that we used had an 
I/O decoder section that provided ready access to these device 
addresses. If your computer does not have a device decoder that 
will provide you with these device codes, you may wish to implement 
the simple device decoder shown in Fig. 7-2. This provides device 
codes 000 through 007, If these device codes are already in use 
in your microcomputer system, you can readily change the device 
addresses used in the programs that are provided with each ex¬ 
periment. 

In Experiments 7, 8, and 9, a Burr-Brown MP-10 module may be 
used. This device provides two 8-bit D/A converters in one package. 
Device decoding is provided for within the package. We have used 
device codes 360, 361, and 363 in Experiments 7, 8, and 9. If 
you choose to use two other 8-bit converters in place of the MP-10 
module, you may require a device decoder for these device ad¬ 
dresses. Substituting the circuit in Fig. 7-3 for the equivalent five- 
input “gate” shown previously in Fig. 7-2 for the device decoding 
scheme for device addresses 000 through 007 will provide you with 
device addresses 360 through 367. These addresses are shown in 
parentheses in the schematic circuit diagram in Fig. 7-2. 

If your computer’s read/write memory, which is available for 
your use, does not have a section located between addresses 002 000 
and 003 377 (0200 and OFFF hexadecimal) you have two choices. 
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Fig. 7-2. A simple device decoder for 
codes 000 through 007. 



A2 

Ai 

AO 




007 
006 
006 
0 04 
003 
002 
001 
000 


( 367 ) 
( 366 ) 
(3 65 ) 
( 364 ) 
( 363 ) 
(3 62 ) 
(36 1 ) 
( 360 ) 


You may either rejumper your read/write memory’s address-select 
logic to “move” a portion of the memory so that it is moved to 
within this area, or you may convert the addresses in the program 
listings to “move” the programs to available areas of read/write 
memory. Check your programs carefully if you choose to “relocate” 
them. 


Fig. 7-3. Atfernafe five-input "gate." 



167 




We have assumed that you have already established a stack 
pointer in the 8080 CPU. This may be done with a monitor program. 
If this is not the case, you will have to load a stack pointer into 
the 8080. We suggest a stack pointer of 003 377 so that the stack 
will be placed in the upper portion of read/write memory that 
you will be using in the experiments. If you wish to load a stack 
pointer, the following method may be used: 

1. Load the following program in your computer: 

003 000 061 LXISP /LOAD THE STACK POINTER 
003 001 377 377 /LOW ADDRESS OF STACK 

003 002 003 003 /HIGH ADDRESS OF STACK 

003 003 166 HLT /HALT 

2. Rim the program and then start your experiments. Remember 

to repeat this process if you turn the power off and on. 

The MMD-1 computer that we used for the experiments estab¬ 
lishes the stack for us through the use of a Keyboard Executive 
program (KEX). 

The experiments use +12 and —12 volts. These voltages are 
not particularly dangerous, but their application to the wrong portion 
of a circuit may be disastrous. We recommend that you make all 
power connections before any other wiring is done. After the power 
connections are made, check them again. You may notice some 
noise on the analog outputs provided by the D/A converters used 
in experiments. This noise will be particularly noticeable if you 
are using an oscilloscope. Most noise is due to the transfer of digital 
noise to the analog circuit through the +5-, +12-, and —12-volt 
power connections. You may wish to filter these voltage connections 
with some 0.1-//.F capacitors between the power connection and 
ground. 

If you are an instructor, you may be interested in placing portions 
of the programs in programmable read-only-memory (PROM). This 
is particularly useful in large classes, since it will decrease the time 
that is spent debugging student’s circuits and programs. 

Please feel free to make use of the circuits and programs as you 
wish. We encourage you to devise your own experiments. Perhaps 
you can come up with some interesting adaptations of the hardware 
and software that we have provided. 

If you are fairly new to breadboarding, and you require some 
additional help, we refer you to Unit 9 of Introductory Experiments 
in Digital Electronics and 8080A Microcomputer Programming and 
Interfacing, Book L You may also find that the LR-25 Bread¬ 
boarding Station Outboard is a useful addition to your breadboarding 
aids. This unit contains eight lamp monitors, four logic switches, 
an RC clock, and two debounced logic push buttons. 
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The foUowng experiments illustrate the use of digital-to-analog 
and analog-to-digital converters. 

Experiment No. Purpose 

1 A 10-bit D/A converter is interfaced 
to the 8080-based computer and it is 
used to generate voltage ramp outputs 
with variable periods. 

2 A 10-bit D/A converter is used to gen¬ 
erate triangular voltage outputs with 
variable periods.* 

3 A ramp A/D converter is constructed 
by using a 10-bit D/A converter and 
a control program.* 

4 A successive-approximation A/D con¬ 
verter is constructed by using a 10-bit 
D/A converter and a control program.* 

5 A small data-acquisition and display 
system is constructed by using the suc¬ 
cessive-approximation A/D converter 
that was constructed in Experiment 4.* 

6 The threshold voltages of a nand gate 
are measured by using a 10-bit D/A con¬ 
verter to output test voltages to the device 
under test.* 

7 The Burr-Brown MP-10 dual D/A con¬ 
verter module is interfaced to the com¬ 
puter and used in a variety of ways. 

8 Two 8-bit D/A converters are used to 
generate the signals required for a Y 
vs, T display on an oscilloscope. 

9 Two 8-bit D/A converters are used to 
generate the signals required for a true 
X-Y display on an oscilloscope.* 

* These experiments use hardware and/or software that was used in the 
previous experiment. 


EXPERIMENT NO. 1 

INTERFACING A 10-BIT DIGITAL-TO-ANALOG CONVERTER 
Purpose 

The purpose of this experiment is to interface the 10-bit Analog 
Devices AD7522 digital-to-analog converter to an 8080-based mi¬ 
crocomputer. A parallel output program will be used to test the 
interface. 
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Discussion 

The first program in this experiment uses the AD7522 10-bit 
D/A converter, or an equivalent double-buffered 10-bit D/A con¬ 
verter, to generate a slow linear ramp that may be observed with 
the aid of a volt-ohm-milliammeter (vom) or an oscilloscope. The 
changing information that is output to the D/A converter will also 
be displayed at two output ports equipped with LEDs. 

Since the AD7522 D/A converter is a 10-bit device, the output 
voltage is divided into 1024 discreet voltages, each one being ap¬ 
proximately 5.5 millivolts greater or less than the adjacent voltage 
steps. The time for a complete “sweep” of all 1024 voltage steps 
is determined by the time required to execute a time delay sub¬ 
routine within the linear ramp generating software. Initially, the 
ramp’s i>eriod will be about 10 seconds. 

Ilie D/A converter has 10 data inputs (one per bit) but the 
8080’s data bus has only eight bits and, therefore, can only supply 
the D/A converter with eight bits of data at a time. The AD7522 
D/A converter has three internal registers that are used for data 
storage. The eight least significant bits of data are strobed into an 
8-bit holding register when the AD7522’s Low Byte Strobe (LBS) 
input is pulsed. The two most significant bits are strobed into a 
2-bit holding register when the High Byte Strobe (HBS) input is 
pulsed. Loading data into these two registers will not affect the 
voltage that is being output by the D/A converter portion of the 
device. Only when a third input. Load D/A Converter (LDAC) 
is pulsed will the entire 10-bit word be transferred from the two 
holding registers to the D/A converter register and applied to the 
inputs of the 10-bit D/A converter. This has been ^scussed pre¬ 
viously. It is called double buffering. If you are not using the 
AD7522 D/A converter, you will have to construct a double- 
buffered D/A converter interface. A detailed double-buffered scheme 
is shown in Unit 1. 
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SchemaHc Diagram of the Circuit (Fig. 7-5) 


♦ 12 V OFFSET 

INrUT R2 2SK 



Fig. 7>5. Schematic diagram for the 10-bit AD7522D/A converter interface. Use a 79L05 
voltage regulator (VR-2) for a O-S-voIt output range. 


The schematic diagram for a completely interfaced AD7522 10-bit 
D/A converter was shown previously in Unit No. 1. It is repeated 
again in Fig. 7-5. 

If an LR-35 Outboard is available, you may wish to use it rather 
than construct the interface circuit for the AD7522 integrated cir¬ 
cuit. You may also substitute any other double-buffered 10-bit 
D/A converter. 

Step 1 

Wire the circuit shown in Fig. 7-5 or use the LR-35 Outboard 
as shown in Fig. 7-6. If you have wired the circuit shown in Fig. 
7-5, be sure to make the additional connections shown in Fig. 7-6. 

To observe the voltage output by the D/A converter, connect 
a volt-ohm-milliammeter (vom) to the DAC OUT connection on 
your bread board. Since accumulator I/O will be used, be sure that 
the 8Q80’s OU T signal is properly connected to the point labeled 
OUT MEMW on the interface, or on the LR-35 Outboard. 

Address codes 003, 004, and 005 will be used. You will have 
to wire an appropriate device address decoder if these decoded de>- 
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+12 -12 +5 GND 



0 = LOGIC 0 = GROUND 
OR EQUIVALENT 

Fig. 7-6. Connections between the AD7522 interface and the 8080 microcomputer system. 

vice addresses are not readily available on your computer. A useful 
circuit is shown in Fig. 7-2 of this unit. If you are using an MMD-1 
computer, you will find that device codes 003 through 007 are 
provided on breadboarding pins adjacent to the SN74L42 decoder 
integrated circuit in the I/O DECODER section of the main 
printed-drcuit board. 

If you are in doubt about the generation of device select pulses 
and I/O device addresses, we refer you to Unit 17 in Introductory 
Experiments in Digital Electronics and 8080A Microcomputer Pro¬ 
gramming and Interfacing, Book 2, 

Sfep 2 

Apply power to your computer system and load the following 
program into the computer’s read/write memory. A time-delay sub¬ 
routine that starts at address 003 200 will be used in this experi¬ 
ment. It is also shown in the program. 

/THIS PROGRAM USES A 10-BIT DIGITAL 
/TO ANALOG CONVERTER TO GENERATE A 
/LINEAR RAMP. 

*003 000 

003 000 175 START, MOVAL /GET THE LOW 8 BITS OF DATA 

003 001 323 OUT /AND OUTPUT IT TO THE DAC LOW 

003 002 004 004 /DATA BYTE HOLDING REGISTER 

003 003 323 OUT /ALSO OUTPUT IT TO ONE OF THE 
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003 004 002 


002 

/OUTPUT PORTS ON THE COMPUTER 

003 005 174 


AAOVAH 

/THEN GET THE HIGH 8 BITS OF DATA 

003 006 323 


OUT 

/AND OUTPUT IT TO THE DAC 

003 007 005 


005 


003 010 323 


OUT 

/ALSO OUTPUT IT TO AN OUTPUT PORT 

003 on 000 


000 

/EQUIPPED WITH LEDS 

003 012 323 


OUT 

/USE AN OUTPUT PULSE TO TRANSFER THE 

003 013 003 


003 

/DATA FROM THE DAC HOLDING REGISTER 

003 014 315 


CALL 

/into the DAC. THEN CALL A DELAY SUB- 

003 015 200 


DELAY 

/ROUTINE 

003 016 003 


0 


003 017 043 


INXH 

/NOW INCREMENT THE DATA VALUE BY 1 

003 020 303 


JAAP 

/AND OUTPUT THE NEW VALUE 

003 021 000 


START 


003 022 003 


0 




/THIS IS THE DELAY SUBROUTINE 



*003 200 


003 200 365 

DELAY, 

PUSHPSW 

/SAVE REGISTERS 

003 201 325 


PUSHD 


003 202 021 


LXID 

/SET TIAAING BYTES IN REGISTERS 

003 203 046 


046 

/D AND E 

003 204 001 


001 


003 205 033 

DEC, 

DCXD 

/DECREMENT THE REGISTER PAIR 

003 206 172 


AAOVAD 


003 207 263 


ORAE 

/CHECK FOR REG PAIR = 000 

003 210 302 


JNZ 

/IF NOT ZERO, DO IT AGAIN 

003 211 205 


DEC 


003 212 003 


0 


003 213 321 


POPD 

/DONE, RESTORE REGISTERS 

003 214 361 


POPPSW 


003 215 311 


RET 


Step 3 





Begin execution of the program at address 003 000. Be sure 
that the vom is connected to the voltage output from the D/A con¬ 
verter interface, DAC OUT. What do you observe? 


We observed a slow but steady increase in the voltage that was 
output by the D/A converter until a final reading of about +5 
volts was reached. At this point the vom needle returned to zero 
volts and the swing of the needle started again. The process was 
repeated again and again. The time period required for the voltage 
to swing from zero volts to +5 volts was about 10 seconds on our 
computer (750-kHz clock, 1.3-ju<sec period). 

Step 4 

Change the contents of memory location 003 203 from 046 to 047 
and start the program. Is there any difference between the period 
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now required for a complete voltage swing between zero volts and 
+5 volts and the period measured previously? 


We could not see any difference. Do you know why? 


The timing byte in the delay subroutine was changed, but only 
the least significant bit was changed. The change was, therefore, very 
small. 

Step 5 

Change the contents of memory location 003 204 from 001 to 
002, Start the program again and note the time that it takes for 
the vom’s needle to make a complete excursion from zero to +5 
volts. 


We observed that it took about 18 seconds for the D/A con¬ 
verter’s output to go from zero to +5 volts. Do you know why the 
time for a complete zero- to +5-volt swing has increased so much 
over the period observed in Steps 3 and 4? 

The large difference in the period of the voltage ramp is due to 
the large change that we introduced in the timing bytes used by 
the time-delay subroutine. The change was made in the most sig¬ 
nificant byte of data m the three-byte LXID instruction. The first 
change, in Step 4, changed the timing byte from 001 046 to 001 
047. 

The second change, in Step 5, increased the timing byte from 
001 047 to 002 047. Remember, we did not change the least 
significant byte back to 046 once it was set to 047 in Step 4. The 
latest change almost doubles the time spent in the time-delay sub¬ 
routine. 

Step 6 

You have used a 10-bit D/A converter and software to generate 
a positive ramp. What would be the easiest way to generate a nega¬ 
tive ramp with the present interface circuit? 


Probably the easiest modification could be made to the software. 
We would suggest substituting a decrement instruction for the 
increment instruction now used in location 003 017. 
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<Z!hange the instruction in location 003 017 from an INXH (043) 
to a DCXH (053) instruction. Change the two timing bytes in the 
DELAY subroutine so that they are the same as those indicated 
in the listing of the DELAY program, i.e., location 003 203 should 
contain 046 and location 003 204 should contain 001. 

Begin the program at address 003 000 and note your observa¬ 
tions of the vom’s voltage changes in the space below: 


You should observe that the needle now starts a slow, downward 
swing from approximately +5 volts to zero volts. Once the needle 
reaches zero volts, it quickly returns to the +5 volt position for 
another downward excursion. The ramp period should be about 10 
seconds since the DELAY subroutine has been reinitialized to con¬ 
tain the original timing bytes. 

Step 7 

The call to the DELAY subroutine may be removed from the 
linear ramp program by changing the contents of locations 003 
014, 003 015, and 003 016 all to 000. What does this do to the 
program? 

Thse substitutions replace all three bytes of the call instruction 
with no-operation instructions (NOP = 000). Why did we have to 
fill all three bytes with NOP instructions? Could the call instruction 
be “removed” from the normal program flow by simply replacing 
the first byte with a NOP instruction? 


All three bytes must be “removed” from the program. If only 
the first byte of a multibyte instruction is replaced with a NOP in¬ 
struction, the remaining b 5 rtes will be treated as instructions by the 
computer. In the linear ramp program, replacing only the first byte 
of the call instruction with a NOP instruction would result in the 
following: 


003 012 323 OUT 

003 013 003 003 

003 014 000 NOP 

003 015 200 ? 

003 016 003 ? 


The computer has no way of knowing that it is not supposed 
to execute the instructions that are represented by the codes 200 
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and 003, the address portion of the call instruction. What opera¬ 
tions do these codes represent? 


The 200 is an ADDB instruction and the 003 is an INXB in¬ 
struction. When you wish to ^‘remove** an instruction from a pro¬ 
gram, remember to replace all of the bytes with NOP instructions. 
Replace the contents of locations 003 014, 003 015, and 003 
016 ^1 with 000. Start the program at address 003 000. What do 
you observe? 


The vom needle seemed to oscillate at about 2.5 volts. The os¬ 
cillations are small in terms of voltage changes. Since the ramp 
is now generated without the DELAY subroutine, its period is very 
short. The meter indicates only the average voltage present. You 
can observe the ramps with the aid of an oscilloscope. Are the 
ramps positive or negative? 

We observed negative ramps. Remember that a DCXH instruc¬ 
tion has been substituted in the program. 


DO NOT DISCONNECT THE INTERFACE OR TURN OFF 
THE POWER. The hardware and some of the software used in this 
experiment will be used in the next experiment, 

EXPERIMENT NO. 2 

COMPLEX DIGITAL-TO-ANALOG CONVERTER OUTPUTS 
Purpose 

The purpose of this experiment is to generate a triangular voltage 
output using the D/A converter that was interfaced to the micro¬ 
computer in the previous experiment. 

Discussion 

In the previous experiment, the Analog Devices AD7522 10-bit 
D/A converter integrated circuit was interfaced to the 8080 micro¬ 
computer. Software was used to generate both a positive and a 
negative ramp. The change between positive and negative ramps 
was simple, requiring only the substitution of increment (INXH) 
or decrement (DCXH) instructions. A triangular output is one in 
which a positive ramp is followed by a negative ramp, which is in 
turn followed by a positive ramp, and so on. 
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In this experiment a single 8-bit register will be incremented. 
The incremented information will be output to the eight LSBs of 
the D/A converter and also to an output port so that the values 
may be observed with lamp monitors or seven-segment displays, if 
desired. When the contents of the register being incremented 
reaches 377, the largest possible 8-bit value, the software will 
switch to a series of steps to decrement the contents of the re^ster 
and to output these new values to the D/A converter and to the 
output port. When the contents of the register is finally decremented 
to 000, the incrementing program steps will again start to generate 
the positive portion of the signal. The DELAY subroutine will 
again be used. 

Pin Configuration of the Integrated Circuits 

Schematic Diagram of the Circuit 

Both the pin configurations for the integrated circuits and 
the schematic diagram of the circuit have been given in Experiment 
No. 1 (Figs. 7-4 and 7-5). Refer to Experiment No. 1 for the 
necessary information. 

Step 1 

If the D/A converter interface developed in Experiment No. 1 
is not wired to your computer, refer to the circuit details in Ex¬ 
periment No. 1, Step 1, and rewire the D/A converter as shown. 
If the circuit is intact, go ahead to Step 2. 

Step 2 

Enter the following program into the computer’s read/write 
memory starting at address 003 000. This program will use the 
time-delay subroutine that was entered into the read/write memory 
in Experiment 1. If this subroutine is not present in your computer’s 
memory, it has been included in the following program. Enter it 
starting at address 003 200. 


/THIS PROGRAM WILL GENERATE A TRIANGULAR 
/WAVEFORM USING A DIGITAL-TO-ANALOG CONVERTER. 



*003 000 


003 000 074 UP, 

INRA 

/INCREMENT THE CONTENTS OF REG A 

003 001 312 

JZ 

/IF THE VALUE IS 000, WE INCREMENTED 

003 002 020 

DOWN 

/PAST 377, SO WE HAVE TO SET A=376 

003 003 003 

0 

/AND THEN BEGIN DECREMENTING. 

003 004 323 

OUT 

/LATCH THE DATA INTO THE DAC 

003 005 004 

004 

/HOLDING REGISTER. 

003 006 323 

OUT 

/AND ALSO LATCH OUT TO ONE 

003 007 002 

002 

/OF THE COMPUTER'S LED OUTPUT PORTS 
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003 010 323 


OUT 

/THIS PULSE TRANSFERS THE CON- 

003 011 003 


003 

/TENTS OF THE HOLDING REGISTER TO THE DAC 

003 012 315 


CALL 

/CALL THE DELAY ROUTINE SO THAT WE 

003 013 200 


DELAY 

/CAN SEE THE CHANGE ON THE VOM 

003 014 003 


0 

/AND THE LEDS 

003 015 303 


JMP 


003 016 000 


UP 

/NOW INCREMENT A AND 

003 017 003 


0 

/REPEAT THE PROCESS 

003 020 076 

DOWN, 

MVIA 

/A 377 WAS OUTPUT LAST, SO 

003 021 376 


376 

/OUTPUT 376 FOR THE RAMP DOWN 

003 022 323 


OUT 

/LATCH THE DATA OUT 

003 023 004 


004 

/TO THE DAC HOLDING REGISTER 

003 024 323 


OUT 

/ALSO LATCH IT TO THE COMPUTER'S 

003 025 002 


002 

/LED EQUIPPED OUTPUT PORT. 

003 026 323 


OUT 

/STROBE THE CONTENTS OF THE HOLDING 

003 027 003 


003 

/REGISTER INTO THE DAC 

003 030 075 


DCRA 

/DECREMENT THE CONTENTS OF A 

003 031 315 


CALL 

/NOW WAIT FOR THE VOM TO CATCH UP 

003 032 200 


DELAY 

/BECAUSE OF ITS SLOW RESPONSE TIME. 

003 033 003 


0 


003 034 302 


JNZ 

/DID WE INCREMENT A TO 000 ? 

003 035 022 


DOWN 4-2 

/NO, KEEP DISPLAYING AND DECREMENTING 

003 036 003 


0 


003 037 303 


JMP 

/YES, SO BEGIN THE RAMP UP AGAIN 

003 040 000 


UP 


003 041 003 


0 




/THIS IS THE DELAY SUBROUTINE 



*003 200 


003 200 365 

DELAY, 

PUSHPSW 

/SAVE REGISTERS 

003 201 325 


PUSHD 


003 202 021 


LXID 

/SET TIMING BYTES IN REGISTERS 

003 203 046 


046 

Id AND E 

003 204 001 


001 


003 205 033 

DEC, 

DCXD 

/DECREMENT THE REGISTER PAIR 

003 206 172 


MOVAD 


003 207 263 


ORAE 

/CHECK FOR REG PAIR = 000 

003 210 302 


JNZ 

/IF NOT ZERO, DO IT AGAIN 

003 211 205 


DEC 


003 212 003 


0 


003 213 321 


POPD 

/DONE, RESTORE REGISTERS 

003 214 361 


POPPSW 


003 215 311 


RET 


Step 3 





Start the program at address 003 000 and note the highest 
and the lowest voltage readings on the vom as the program is 
executed: 


We observed that the vom needle varied between 0 and 1.3 volts. 
Your observation may be different. Why doesn’t the needle make a 
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full excursion from 0 to +5 volts, as was observed in the linear 
ramp generating experiment? 


Remember that the AD7522 is a 10-bit D/A converter. We are 
only using the eight least significant bits in this experiment. It is 
impossible for us to know the state of the two most significant 
bits in your converter. The software has not changed them; there¬ 
fore, there are four possible voltage ranges which may be observed 
by people doing this experiment: 


Eight LSBs 


Range 

Two MSBs Minimum 

Maximum 

0.00-1.25 Volts 

00 

00000000 

11111111 

1.25-2.50 Volts 

01 

00000000 

11111111 

2.50-3.75 Volts 

10 

00000000 

11111111 

3.75-5.00 Volts 

11 

00000000 

11111111 


You should observe that your vom’s needle swings with a dif¬ 
ference of about 1.2 to 1.4 volts, in close approximation to one of 
the ranges noted above. 

Step 4 

You will now change the time-delay period of the DELAY 
subroutine. Change the value contained in memory location 003 
204 from 001 to 000. Start the program at address 003 000 and 
note any difference in the frequency of the triangular voltage output 
as indicated on the vom and on the output port’s LEDs. 


We found that the frequency was higher (shorter period). The 
reason for this is that different data values have been used by the 
DELAY subroutine. You have changed the timing data from 
001 046 to 000 046 and you should observe about 23 complete 
cycles of the triangular output in 15 seconds. 

Step 5 

Another way to make the frequency of the triangular voltage 
output reasonable fast is to change the PUSHPSW instruction in 
the DELAY subroutine to a RET (311). What will this do? 


By changing the PUSHPSW (365) instruction to a RET (311), 
or return, instruction, you will cause the computer to immediately 
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return from the subroutine once the call to DELAY is executed. 
The remaining steps in DELAY are, therefore, not executed. 

Step 6 

Change the instruction contained in memory location 003 200 
from a 365 to a 311. This inserts the return instruction at the 
start of the DELAY subroutine. Execute the program. What do 
you observe? 


We needed an oscilloscope to observe the ramp since it had 
a frequency of about 20 Hz. It was difficult to see such fast voltage 
changes on the vom or at the output port. 

Replace the return instruction in memory location 003 200 with 
the PUSHESW instruction (365) that was there previously. Also 
replace the original timing byte (001) in memory location 003 204. 


DO NOT DISCONNECT THE INTERFACE OR TURN OFF 
THE POWER, The hardware and some of the software used in 
this experiment will be used in the next experiment, 

EXPERIMENT NO. 3 

A SOFTWARE-CONTROLLED RAMP A/D CONVERTER 
Purpose 

The purpose fo this experiment is to construct an analog-to- 
digital converter by using the 10-bit digital-to-analog converter that 
was previously interfaced to the computer along with an analog 
comparator, the LM311. An input port will also be used. This 
experiment will use the linear ramp conversion technique to de¬ 
termine the value of unknown analog voltages. 

Discussion 

This experiment uses a slow linear ramp, similar to the one 
generated in Experiment 1. An unknown voltage input, Vunknown» 
is continuously compared to the linear voltage ramp that is being 
output by the D/A converter under software control. If the out¬ 
put of the D/A converter, Vdac, or DACOUT, is less than the 
unknown voltage input, then the state of the comparator’s output 
will be a logic 0. When Vdac > Vunknown, the comparator’s out¬ 
put will be a logic 1, The state of the comparator’s output is input 
into the 8080’s A register through a three-state input port. It is 
tested by using a conditional jump instruction, JNZ. If the com- 
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parator’s output is logic 0, another voltage step in the ramp is 
generated. If the comparator’s output is a logic 1, the unknown 
voltage has been matched and the process repeats itself, starting 
the ramp at zero volts. 

The 8080’s H and L registers hold the binary values that are 
used to generate the ramp. The data is output to the 10-bit D/A 
converter and to two output ports where the binary values may 
be monitored. The output of the comparator is observed with a lamp 
monitor. A typical lamp monitor circuit is described in the intro¬ 
duction to these experiments. 

Pin Configurations of the Integrated Circuits (Fig. 7-7) 



Fig. 7-7. 


Schematic Diagram of the Circuit (Fig. 7-8) 



Fig. 7-8. 
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Step 1 

Wire the additional circuitry shown in Fig. 7-8. The AD7522 
10-bit D/A converter that was interfaced to the computer in Ex¬ 
periment 1 will be used again in this experiment. If this converter 
is not interfaced to your computer, refer to Experiment 1, Step 1 
for the interfacing details. 

Remember to connect the output of the D/A converter, Vdac> 
or DACOUT, to the Vdac connection noted in the schematic dia¬ 
gram (Fig. 7-8). The vom may be used to observe the D/A con¬ 
verter’s output voltage, but this is optional. 

Step 2 

Enter the program which follows into the computer’s memory 
starting at address 003 000. The DELAY subroutine that was 
used in previous experiments will also be used in this experiment. 
Be sure that it is loaded correctly, starting at address 003 200. It 
is presented again in the program listing. The data-display subrou¬ 
tine, DISPLA, is located “above” the DELAY subroutine, starting 
at address 003 200. Be careful when loading these program steps. 


/THIS PROGRAM USES A DAC AND A COMPARATOR 
/TO FORM A RAMP ANALOG-TO-DIGITAL CONVERTER. 


*(m 000 


003 000 041 

ADC, 

LXIH 

/H&L ARE USED TO HOLD THE CURRENT 

003 001 000 


000 

/DIGITAL ''RAMP" VALUE. 

003 002 000 


000 

/SET BOTH OF THEM TO 000 INITIALLY 

003 003 323 


OUT 

/THE OUT INSTRUCTION IS USED TO GEN- 

003 004 007 


007 

/ERATE A SYNCH PULSE FOR A SCOPE. 

003 005 175 

DACOUT, 

MOVAL 

/GET THE LOW EIGHT BITS OF "RAMP" 

003 006 323 


OUT 

/OUTPUT THEM TO DAC 

003 007 004 


004 


003 010 174 


MOVAH 

/GET THE HIGH TWO BITS OF "RAMP" 

003 on 323 


OUT 

/OUTPUT THEM TO DAC 

003 012 005 


005 


003 013 323 


OUT 

/STROBE THE DAC'S HOLDING REG 

003 014 003 


003 


003 015 315 


CALL 

/CALL THE H&L DISPLAY SUBROUTINE 

003 016 220 


DISPLA 

/AND THE DELAY ROUTINE SO THAT WE 

003 017 003 


0 

/CAN SEE THE CONTENTS OF H&L 

003 020 333 


IN 

/NOW CHECK THE COMPARATOR'S OUTPUT 

003 021 006 


006 

/TO SEE IF H&L ARE BIG ENOUGH TO 

003 022 346 


ANI 

/APPROXIMATE THE UNKNOWN ANALOG 

003 023 200 


200 

/VOLTAGE 

003 024 302 . 


JNZ 

^&L ARE BIG ENOUGH BECAUSE THE COM- 

003 025 000 


ADC 

/PARATOR'S OUTPUT IS A 1. THEREFORE 

003 026 003 


0 

/START ANOTHER CONVERSION, 

003 027 043 


INXH 

/H&L ARE NOT BIG ENOUGH, SO INCREMENT 

003 030 303 


JMP 

/THEM BY 1 AND TRY AGAIN. 

003 031 005 


DACOUT 
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003 032 003 


0 




/THIS IS 

THE DISPLAY OUTPUT SUBROUTINE 



*003 220 


003 220 174 

DISPLA, 

MOV AH 

/GET THE HIGH DATA BYTE 

003 221 323 


OUT 

/AND LATCH THE VALUE OUT TO ONE OF 

003 222 000 


000 

^HE LED OUTPUT PORTS ON THE COMPUTER 

003 223 175 


MOVAL 

/GET THE LO DATA BYTE AND 

003 224 323 


OUT 

/ALSO LATCH IT OUT. 

003 225 002 


002 


003 226 315 


CALL 

/AFTER LATCHING H&L, DELAY FOR 

003 227 200 


DELAY 

/A FEW MSEC OR SEC 

003 230 003 


0 


003 231 311 


RET 

/THEN RETURN TO THE MAIN PROGRAM 



/THIS IS 

THE DELAY SUBROUTINE 



*003 200 


003 200 365 

DELAY, 

PUSHPSW /SAVE REGISTERS 

003 201 325 


PUSHD 


OC^ 202 021 


LXID 

/SET TIMING BYTES IN REGISTERS 

003 203 046 


046 

Id and e 

003 204 001 


001 


003 205 033 

DEC, 

DCXD 

/DECREMENT THE REGISTER PAIR 

003 206 172 


MOV AD 


003 207 263 


ORAE 

/CHECK FOR REG PAIR = 000 

003 210 302 


JNZ 

/IF NOT ZERO, DO IT AGAIN 

003 211 205 


DEC 


003 212 003 


0 


003 213 321 


POPD 

/DONE, RESTORE REGISTERS 

003 214 361 


POPPSW 


003 215 311 


RET 


Step 3 





Start the program at address 003 000. What do you observe 
taking place at the LEDs connected to output ports 000 and 002? 
What is taking place at the vom? Vary the potentiometer setting 
and note your observations below: 


We observed that as the potentiometer was rotated to one ex¬ 
treme, fewer and fewer of the LEDs at the output ports were lit. 
The voltage indicated by the vom also became lower, and the lamp 
monitor connected to the comparator’s output flickered. 

As the potentiometer was turned toward the other extreme, more 
and more of the LEDs at output ports 000 and 002 became lit. 
The vom reading increased to higher voltages. As higher voltages 
were reached, the LEDs at output ports 000 and 002 could be seen 
to increment and flicker. Do you know what causes this “flickering?” 
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It takes the computer some time to increment and output the 
values contained in registers H and L, particularly since a time 
delay is used in the program. ITie flickering is produced as a direct 
result of the longer time that it takes the computer to increment 
registers H and L to higher and hi^er values. 

Will it take the computer longer to match a high voltage than it 
will take to match a low voltage? 


Yes, since the count required by the D/A converter to generate 
a high voltage requires more software time than does a relatively 
low count for lower voltages. 

Step 4 

Remove the time-delay program from the normal program flow. 
Do this by substituting a return instruction (311) for the instruc¬ 
tion in memory location 003 200. Start the program again. Vary 
the potentiometer settings and note the effect on the voltages 
measured by the vom. Start at a low voltage (few LEDs lit) and 
proceed to higher voltages. What do you observe? 


We observed that when the potentiometer presents the comparator 
with relatively low voltages, the vom needle is fairly steady. As the 
voltage is increased past about 2 volts, the needle starts to os¬ 
cillate or quiver. When the highest voltage is applied to the com¬ 
parator by the potentiometer, the vom needle swings over a range 
of one-half volt. Should we expect the vom to act like this? 


Yes. Again, the oscillations are caused by the slow response 
of the vom to changing voltages. The computer can “ramp” the 
voltage output by the D/A converter faster than the vom can 
measure it. Remember, there is no time delay in the program. 

Replace the return instruction that you stored in location 003 
200 with a PUSHPSW instruction (365) before going on. This 
restores the operation of the time-delay subroutine, DELAY. 

Step 5 

You will now modify the DELAY subroutine to slow down the 
conversion process. This is done by changing the timing bytes in 
locations 003 203 and 003 204. Make the following changes to 
the DELAY subroutine: Change the value in memory location 003 
203 to 000 and change the value in memory location 003 304 to 
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050. Start the program at address 003 000 and note your ob¬ 
servations. 


The computer now increments the ramp value at the rate of 
about three counts per second. As noted previously, the values dis¬ 
played on the LEDs become smaller and smaller as the poten¬ 
tiometer presents lower and lower voltages to the comparator for 
measurement. The values displayed on the LEDs become larger as 
the voltage is increased by turning the potentiometer in the op¬ 
posite direction. 

You should also be able to see the lamp monitor’s output change 
state when the comparator’s output indicates that the ramp voltage 
is equal to, or exceeds, the unknown input, Vunknown- Note that 
the comparator’s output will return to logic 0 when the ramp is 
reset to start at its lowest value, OOOOOOOOOO 2 . 

Step 6 

If a dual-trace oscilloscope is available, you may wish to perform 
this step. If not, read through this section and continue to Step 7. 

Connect one of the oscilloscope’s inputs to the D/A converter’s 
output, Vdacj or DACOUT. Connect the other oscilloscope input 

to VuNKNOWN* 

Remove the call to the DELAY subroutine by substituting three 
NOP instructions (000) in locations 003 226, 003 227, and 003 
230. This will speed up the ramp generation. Set the potentiometei 
at about its midpoint, start the program, and observe the ramp or 
the oscilloscope. Using the second trace, position the line produced 
by VuNKNowN at the top of the ramp. Be sure that both input 
channels are set to the same gain levels and that both are set tc 
accept dc input levels. 

What do you observe as you vary the potentiometer settings" 


You should observe two important things. First, the top of the 
ramp will be equal to the unknown voltage over the full range o 
the D/A converter’s output. Second, as the unknown voltage i: 
lowered, more conversions take place per unit of time. Highe: 
voltages require longer conversion times. 

Step 7 

The program that you are using for the computer-controlled ram] 
A/D converter constantly displays the various test values that an 
also output to the 10-bit D/A converter. The program may b< 



modified so that only the final result of the conversion process is 
displayed at output ports 000 and 002, 

Could you suggest the necessary software changes that would be 
needed to accomplish this? Remember, the binary data is to be 
output only after a conversion has been completed. 


Here are the changes that we suggest: 

a) Remove the call to the DISPLA subroutine. Substitute NOP 
instructions in locations 003 015, 003 016, and 003 017. 

b) The JNZ instruction at address 003 024 is only executed at 
the end of the conversion process. Change this: 

from: JNZ to: JNZ 302 

ADC DISPLA 220 

0 0 003 

This branches the program to display the data at the end of 
the conversion. 

c) The DISPLA software is no longer called as a subroutine, 
thus the return instruction is no longer needed. Replace it 
with a jump to symbolic address ADC. This will restart an¬ 
other conversion after the data is displayed: 

003 231 JMP 303 
003 232 ADC 000 
003 233 0 003 

Make these changes and run the program. You should observe 
only the final value of the digitized unknown voltage and not the 
ramping or incrementmg test values at output ports 000 and 002. 

Remember to reinsert the return instruction (311) in location 
003 231 prior to going to the next experiment. 

Conclusions 

You have seen that an analog-to-digital converter can be con¬ 
structed by using a digital-to-analog converter, a comparator, and 
microcomputer software for control and decision m^ng. When 
using the ramp conversion technique, however, we have observed 
that the conversion time is directly proportional to the voltage that 
is to be nieasured or converted. 

The next experiment will show you how a successive-approxima¬ 
tion converter may be constructed by using the identical hardware 
used in this experiment. Only the software will be changed. 
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DO NOT DISCONNECT THE INTERFACE OR TURN OFF 
THE POWER, The hardware and some of the software used in this 
experiment will be used in the next experiment. 


EXPERIMENT NO. 4 

A SOFTWARE-CONTROLLED SUCCESSIVE- 
APPROXIMATION A/D CONVERTER 

Purpose 

The purpose of this experiment is to use the successive-approxi¬ 
mation an^og-to-digital conversion technique to digitize an analog 
signal. 

Discussion 

The successive-approximation analog-to-digital conversion tech¬ 
nique tests each of the individual binary bit positions in sequence, 
from the most significant bit (MSB) to the least significant bit 
(LSB). The process starts when a logic one is applied to the D/A 
converter in bit-position D9 (MSB) and the resulting test voltage 
compared to the unknown voltage at the comparator. If the un¬ 
known voltage is exceeded by the voltage in this test, the bit is 
returned to the logic-zero state and the next least significant bit is 
tested. If the unknown voltage is not exceeded by this test, the bit 
remains a logic one and the next least significant bit position is 
tested, using the same procedure. 

In this way, the voltages are tested from the largest voltage step 
to the smallest. The individual bit positions and their corresponding 
test voltages for a 0- to +5.115-volt full scale, 10-bit D/A convertei 
are listed below. 


Bit Position 

Weighing Volta 

DO 

0,005 Volts 

D1 

0.010 

D2 

0.020 

D3 

0.040 

D4 

0.080 

D5 

0.160 

D6 

0.320 

D7 

0.640 

D8 

1.280 

D9 

2.560 


Schematic Diagram of the Circuit 

The circuit that is used in Experiment 4 is the same as the one 
used in Experiment 3 (Fig. 7-8). We refer you to Experiment 3 fo] 
the details. A 10-bit D/A converter interface is also used. This 
is documented in Experiment 1, Step 1. 
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Step 1 

Load the following program into the computer’s memory start¬ 
ing at address 003 000. The DELAY and DISPLA subroutines 
used in the previous experiment will also be used by this program. 
If they are still available in the computer’s read/write memory you 
may use them, but we suggest that you check them first. They are 
included in the program if you need to re-enter them. 

/THIS PROGRAM USES THE SUCCESSIVE APPROXIMATION 
/TECHNIQUE TO DETERMINE THE DIGITAL VALUE 
/OF AN UNKNOWN ANALOG VOLTAGE USING A 
/AD7522 DAC AND A COMPARATOR. 


*003 000 


003 000 041 

ADC, 

LXIH 

/H&L CONTAIN THE CURRENT APPROXIMATION 

003 001 000 


000 


003 002 002 


002 

/WHICH IS XX XXX XIO 00 000 000 

003 003 021 


LXID 

/D&E CONTAIN THE CURRENT BIT 

003 004 000 


000 

/THAT IS ADDED OR SUBTRACTED 

003 005 002 


002 

/FROM THE CURRENT APPROXIMATION 

003 006 006 


MVIB 

/B IS USED AS A BIT COUNTER 

003 007 012 


012 

/012 OCTAL = 10 DECIMAL (10 BIT DAC) 

003 010 175 

DACOUT, 

MOVAL 

/GET EIGHT LSB'S OF DATA 

003 on 323 


OUT 

/OUTPUT THE M TO DAC 

003 012 004 


004 


003 013 174 


MOVAH 

/GET TWO MSB^S OF DATA 

003 014 323 


OUT 

/OUTPUT THEM TO DAC 

003 015 005 


005 


003 016 323 


OUT 

/STROBE THE DAC HOLDING REG 

003 017 003 


003 


003 020 315 


CALL 

/DISPLAY THE CURRENT APPROXIMATION 

003 021 220 


DISPLA 

/AND THEN DELAY FOR A SHORT 

003 022 003 


0 

/PERIOD OF TIME 

003 023 333 


IN 

/TEST THE COMPARATORS OUTPUT. IF irS 

003 024 006 


006 

/A 1, WE'RE TOO HI, IF 0, TOO LOW. 

003 025 346 


ANI 


003 026 200 


200 


003 027 302 


JNZ 

/IT'S A 1, WE'VE APPROXIMATED TOO HIGH 

003 030 050 


TOOHI 


003 031 003 


0 


003 032 172 

DIV2, 

MOVAD 

/WE'RE TOO LOW, INCREASE THE APPROX 

003 033 037 


RAR 

/SO MOVE THE TEST BIT TO ONE OF THE 

003 034 127 


MOVDA 

/LEAST SIGNIFICANT BITS. 

003 035 173 


MOVAE 

/WE ALSO ROTATE THE LEAST SIGNIFICANT 

003 036 037 


RAR 

/BYTE, ROTATING ANY CARRY FROM D 

003 037 137 


MOVEA 

/INTO E. 

003 040 031 


DADD 

/ADD D&E TO H&L, RESULT IS IN H&L 

003 041 005 


DCRB 

/TRIED ALL 10 BITS YET ? 

003 042 302 


JNZ 

/NO, TRY THE NEXT APPROXIMATION 

003 043 010 


DACOUT 

/BY LATCHING IT OUT AND TESTING THE 

003 044 003 


0 

/COMPARATOR'S OUTPUT. 

003 045 303 


JMP 

/YES, WE HAVE TRIED ALL 10 BITS. 

003 046 000 


ADC 

/SO START THE APPROXIMATION AGAIN 


T89 



003 047 003 


0 


003 050 175 

TOOHI, 

MOVAL 

/THE APPROXIMATION WAS TOO BIG, SO 

003 051 223 


SUBE 

/SUBTRACT THE CURRENT "BIT" FROM BOTH 

003 052 157 


AAOVLA 

/H&L, THEN ROTATE THE TEST BIT, ADD IT 

003 053 174 


MOVAH 

/WITH THE DADD AND TRY AGAIN 

003 054 232 


SBBD 

/(THIS IS IN CASE OF A BORROW) 

003 055 147 


MOVHA 


003 056 303 


JAAP 

/NOW TRY THE NEXT TEST BIT IN THE WORD 

003 057 032 


DIV2 


003 060 003 


0 




/THIS IS THE DELAY SUBROUTINE 



*003 200 


003 200 365 

DELAY, 

PUSHPSW 

/SAVE REGISTERS 

003 201 325 


PUSHD 


003 202 021 


LXID 

/SET TIAAING BYTES IN REGISTERS 

003 203 046 


046 

/D AND E 

003 204 001 


001 


003 205 033 

DEC, 

DCXD 

/DECREAAENT THE REGISTER PAIR 

003 206 172 


AAOVAD 


003 207 263 


ORAE 

/CHECK FOR REG PAIR = 000 

003 210 302 


JNZ 

/IF NOT ZERO, DO IT AGAIN 

003 211 205 


DEC 


003 212 003 


0 


003 213 321 


POPD 

/DONE, RESTORE REGISTERS 

003 214 361 


POPPSW 


003 215 311 


RET 




*003 220 


003 220 174, 

DISPLA, 

AAOVAH 

/GET THE HIGH DATA BYTE 

003 221 323 


OUT 

/AND LATCH THE VALUE OUT TO ONE 

003 222 000 


000 

/OF THE OUTPUT PORTS WITH LEDS 

003 223 175 


AAOVAL 

/GET THE LO DATA BYTE AND ALSO 

003 224 323 


OUT 

/LATCH IT OUT 

003 225 002 


002 


003 226 315 


CALL 

/AFTER LATCH H&L OUT, DELAY FOR 

003 227 200 


DELAY 

/A FEW AASEC. OR SEC. 

003 230 003 


0 


003 231 311 


RET 


Step 2 





Change the contents of memory location 003 204 to 200. This 
will increase the length of time that the computer will spend exe¬ 
cuting the time-delay subroutine. 


Step 3 

Begin execution of the program at address 003 000. What do you 
observe at the two output ports, 000 and 002? With the vom 
connected to the D/A converter’s output, what do you observe 
on the meter as the program is executing? 
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If the program is operating properly, you should see that some 
of the LEDs associated with output ports 000 and 002 are flashing 
on and off at a rate of about one per second. Depending upon the 
setting of your potentiometer, some of the LEDs will come on and 
remain on, while others will come on and then go off. 

You should also observe that the vom’s needle appears to 
“home-in” on a particular voltage. 

Step 4 

Rotate the potentiometer until it is completely counterclockwise. 
Let the computer run for at least 10 seconds. What do you observe? 


Now rotate the potentiometer to its other extreme (clockwise). 
Again, let the computer run for at least 10 seconds before noting 
your observations below: 


Your actual observations will depend upon the configuration of 
the potentiometer, i.e., whether the clockwise position supplies the 
highest or the lowest potential to the comparator. 

We found that in one position all but the two least significant 
bits at the two output ports were at lo^c zero. The vom needle 
seems to home-in on a voltage that is close to ground potential. 
At the other extreme, almost all of the LEDs remained on and 
the vom needle seemed to home-in on a high potential, about +5 
volts. 

Step 5 

Again, rotate the potentiometer to its extreme positions and 
note the various states of the LEDs as the computer homes in on 
the high and the low voltages. What happens at the highest voltage 
input? What happens at the lowest voltage input? 


We observed that the LEDs came on, one at a time, from the 
most significant bit to the least significant bit in each case. When 
the potentiometer was set to its highest setting, the LEDs came 
on and stayed on. When the potentiometer was set to provide a 
low voltage to the comparator, the LEDs came on and then turned 
off and remained off. One or two of the least significant bit positions 
may have its LED lit. 
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Step 6 

Set the potentiometer at its midpoint. With the program running, 
what do you observe at the two output ports? 


We observed that the same testing sequence of LEDs on and 
LEDs ojff was again performed by the computer. Now some of the 
LEDs remained on while others were turned off. Again, the vom’s 
needle appeared to home in on a voltage, toward the center of 
the 0- to 5-volt range. 

We have not yet commented about the lamp monitor connected 
to the comparator’s output. Watch this indicator and try and de¬ 
termine the relationship between the state of the comparator’s 
output and whether or not the individual LED that is indicating the 
current bit position being tested will remain on or go off. Is there 
a relationship? 


We observed that there is a definite relationship between the 
state of the comparator’s output, as indicated by the lamp monitor, 
and the on/off states of the LED associated with the current bit 
position being tested. 

If a new bit position is being tested and the lamp monitor re¬ 
mains on, die LED for that bit position will be turned off and the 
next bit position will be tested. If, however, the lamp monitor re¬ 
mains off as a bit position is tested, the LED associated with that 
bit position will remain on. 

Step 7 

Change the contents of memory location 003 204 from 100 to 
020. Again, start the program at address 003 000. What happens 
to the LEDs at output ports 000 and 002 now? 


Although the speed of the conversions is faster, the same LEDs 
were found to be on or off at the end of the successive approxi¬ 
mation. The speed of the conversion does not alter the final, digitized 
value for a steady voltage input. 

Step 8 

Now change the contents of memory location 003 204 from 020 
to 004 and start the program at address 003 000. This will further 
increase the conversion speed. What do you observe now at the 
LEDs associated with output ports 000 and 002? 



We fouad that the conversion was so fast that we could not 
follow it. 

If an oscilloscope is available, you may wish to try Steps 9 and 
10. In any case, we suggest that you read through them. 

Step 9 

In this step you will remove the time-delay subroutine from 
the sequence of instructions that are executed by the successive- 
approximation conversion program. Change the contents of location 
003 200 from 365 to 311. What does this substitution do? Con¬ 
nect the oscilloscope to the D/A converter’s voltage output. 


The 311 that you have substituted into your program is a return 
instruction, RET. Placing it at the start of the DELAY subroutine 
means that the subroutine will immediately return control back to 
the successive-approximation program. 

With the oscilloscope connected to the D/A converter’s output, 
you should be able to observe the various voltage steps as they 
are output by the D/A converter (under computer control). In the 
space below, sketch one cycle of the oscilloscope’s trace as the 
test voltages attempt to match the unknown voltage: 


Your sketch should be similar to the drawing in Fig. 2-6 in 
Unit 2. The largest voltage steps are always tested first. 

Step 10 

Connect the other oscilloscope input to the connection between 
the comparator’s input and the potentiometer’s wiper terminal. This 
will let you examine the unknown voltage that is being digitized. 
With the two traces’ gains set equally, position the unknown voltage 
trace on the oscilloscope so that it is coincident with the last test 
voltage test level (smallest step). Now vary the potentiometer’s 
setting. Does the D/A converter’s output still seek or home in on 
the unknown voltage? Are the conversion times equal for high and 
low voltages? 
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The conversion speed is independent of the voltage level being 
measured. You should be able to measure ten voltage levels or 
tests on the oscilloscope. It will always take N steps for an N-bit, 
successive-approximation A/D converter to perform a conversion. 
We observed that for an 8080 with a 1.33-microsecond clock pe¬ 
riod, the computer took about three milliseconds to perform a 
conversion. 

Step 11 

You may wish to make the following changes to the program. 
These changes will allow the program to update the display of the 
data at output ports 000 and 002 only upon completion of a 10- 
bit conversion. 


a) Change: 

003 045 

from 

JMP 303 

1o 

JMP 303 


003 046 


ADC 000 

DISPLA 220 


003 047 


003 


003 

b) Change: 

003 020 

from 

CALL 315 

to 

NOP 000 


003 02T 


DISPLA 220 


NOP 000 


003 022 


003 


NOP 000 

c) Change: 

003 231 

from 

RET 311 

to 

JMP 303 


003 232 




ADC 000 


003 233 


... 


003 


Run the successive-approximation conversion program, starting a 
address 003 000. You will only see the result of a conversior 
at the LEDs at output ports 000 and 002. 

Return the program steps listed above to their original content! 
before going on to the next experiment. It is important to be sur( 
to do this since some of the software used in this experiment wil 
be used again. 


DO NOT DISCONNECT THE INTERFACE OR TURN OFl 
THE POWER, The hardware and some of the software used ii 
this experiment will be used in the next experiment. 


EXPERIMENT NO. 5 
A SMALL DATA-ACQUIS1TION SYSTEM 

Purpose 

The purpose of this experiment is to use a 10-bit D/A converte 
for both data display and for successive-approximation A/D con 
versions. The program used in this experiment will acquire 12 
10-bit data points, displaying them as they are acquired. 
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Discussion 

Data acquisition is generally accomplished by using an A/D con¬ 
verter that is controlled by a computer. The data may be output to 
a teletypewriter or to a D/A converter for display. In this experi¬ 
ment, one 10-bit D/A converter will be used to perform both 
tasks. The program has been written to take advantage of the 
D/A converter’s output for the output of data values (to an os¬ 
cilloscope) when the converter is not being used to generate the 
outputs that are necessary for the software-controlled successive- 
approximation conversion. 

A main data-display loop has been used to provide a fixed time 
delay, and register pair D (registers D and E) are used to count 
the number of times that the computer is to execute the display 
loop before another analog input is digitized and placed in the dis¬ 
play file. Thus, the computer will spend most of its time displaying 
the data. The data buffer that is being displayed is 256 memory loca¬ 
tions in length. Each data point is 10 bits, so the data buffer can 
contain 128 data values—^two memory locations used per value. 

Schematic Diagram of the Circuit 

The circuit used in this experiment is exactly the same as the 
circuit that was used in Experiments 3 and 4 (Fig. 7-8). We refer 
you to Experiment 3 for the necessary circuit details. The 10-bit 
D/A converter interface uses the Analog Devices AD7522 integrated 
circuit, along with some external components. Details of this inter¬ 
face are found in Experiment 1, Step 1. Any other double-buffered 
10-bit D/A converter may be used in place of the AD7522. 

Step 1 

The circuitry that was used in Experiment 3 or Eperiment 4 
must be available for use in this experiment. If this complete cir¬ 
cuit is not interfaced to your computer, refer to Experiment 1, Step 
1 and to Experiment 3 for the interfacing details. 

Some of the software steps used in the software-controlled suc¬ 
cessive-approximation A/D converter experiment, Experiment 4, 
will be used here. These are the program steps that are located 
at address 003 000 through, and including, address 003 056. They 
are provided for you in the software listing of the program for this 
experiment. If you have just completed Experiment 4, you might 
want to recheck these steps. If they are already in the computer’s 
read/write memory, it will save you some time. 

If you do not have the following program steps in your computer’s 
memory, enter them. DO NOT attempt to run this portion of the 
program. 
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/THIS PROGRAM USES THE SUCCESSIVE APPROXIMATION 
/TECHNIQUE TO DETERMINE THE DIGITAL VALUE 
/OF AN UNKNOWN ANALOG VOLTAGE USING A 
/AD4522 DAC AND A COMPARATOR. 


*003 000 


003 000 041 

ADC, 

LXIH 

/H&L CONTAIN THE CURRENT APPROXIMATION 

003 001 000 


000 


003 002 002 


002 

/WHICH IS XX XXX XIO 00 000 000 

003 003 021 


LXID 

/D&E CONTAIN THE CURRENT BIT 

003 004 000 


000 

/THAT IS ADDED OR SUBTRACTED 

003 005 002 


002 

/FROM THE CURRENT APPROXIMATION 

003 006 006 


MVIB 

/B IS USED AS A BIT COUNTER 

003 007 012 


012 

/012 OCTAL = 10 DECIMAL (10 BIT DAC) 

003 010 175 

DACOUT, 

MOVAL 

/GET EIGHT LSB^S OF DATA 

003 on 323 


OUT 

/OUTPUT THEM TO DAC 

003 012 004 


004 


003 013 174 


MOVAH 

/GET TWO MSB'S OF DATA 

003 014 323 


OUT 

/OUTPUT THEM TO DAC 

003 015 005 


005 


003 016 323 


OUT 

/STROBE THE DAC HOLDING REG 

003 017 003 


003 


003 020 315 


CALL 

/DISPLAY THE CURRENT APPROXIMATION 

003 021 220 


DISPLA 

/AND THEN DELAY FOR A SHORT 

003 022 003 


0 

/PERIOD OF TIME 

003 023 333 


IN 

/TEST THE COMPARATORS OUTPUT. IF IT'S 

003 024 006 


006 

/A 1, WE'RE TOO HI, IF 0, TOO LOW. 

003 025 346 


ANI 


003 026 200 


200 


003 027 302 


JNZ 

/IT'S A 1, WE'VE APPROXIMATED TOO HIGH 

003 030 050 


TOOHI 


003 031 003 


0 


003 032 172 

DIV2, 

MOVAD 

/WE'RE TOO LOW, INCREASE THE 

003 033 037 


RAR 

APPROXIMATION 

003 034 127 


MOVDA 

/SO MOVE THE TEST BIT TO ONE OF THE 

003 035 173 


MOVAE 

/LEAST SIGNIFICANT BITS. 

003 036 037 


RAR 

/WE ALSO ROTATE THE LEAST SIGNIFICANT 

003 037 137 


MOVEA 

/BYTE, ROTATING ANY CARRY FROM D 

003 040 031 


DADD 

/INTO E. 

003 041 005 


DCRB 

/ADD D&E TO H&L, RESULT IS IN H&L 

003 042 302 


JNZ 

/TRIED ALL 10 BITS YET ? 

003 043 010 


DACOUT 

/NO, TRY THE NEXT APPROXIMATION 

003 044 003 


0 

/BY LATCHING IT OUT AND TESTING THE 

003 045 303 


JMP 

/COMPARATOR'S OUTPUT. 

003 046 000 


ADC 

/YES, WE HAVE TRIED ALL 10 BITS, 

003 047 003 


0 

/SO START THE APPROXIMATION AGAIN 

003 050 175 

TOOHI, 

MOVAL 

/THE APPROXIMATION WAS TOO BIG, SO 

003 051 223 


SUBE 

/SUBTRACT THE CURRENT "BIT" FROM BOTH 

003 052 157 


MOVLA 

/H&L, THEN ROTATE THE TEST BIT, ADD IT 

003 053 174 


MOVAH 

/WITH THE DADE AND TRY AGAIN. 

003 054 232 


SBBD 

/(THIS IS IN CASE OF A BORROW) 

003 055 147 


MOVHA 


003 056 303 


JMP 

/NOW TRY THE NEXT TEST BIT IN THE WORD 
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Step 2 

Make the following changes to the successive-approximation 
software which has been included in Step 1: 

1. Remove the call to the DISPLA Subroutine present at ad¬ 
dresses 003 020, 003 021, and 003 022, by substituting NOP 
(no-operation) instructions for all three bytes. A NOP is 
equal to 000. 

2. Replace the JMP instruction byte at address 003 056 with 
a return instruction, RET = 311. 

What will these changes do to the program? 


We have removed the CALL to the DISPLA subroutine so that 
the result of the conversion will no longer be displayed in the LEDs 
at output ports 000 and 002. This also removes the time-delay 
subroutine, DELAY, since it is used only by the DISPLA sub¬ 
routine. 

We have also placed a return instruction in the memory location 
that was used previously to hold a jump instruction. Normally, the 
jump instruction would cause the computer to continually execute 
the successive-approximation A/D converter software. The use of 
a return instruction in place of a jump turns the ADC portion of 
the program into an ADC subroutine, so that only one conversion 
will be performed whenever the ADC subroutine is called. 

Step 3 

Load the following data acquisition and control program steps 
into the computer’s memory. NOTE: This program starts at address 
003 100. Be careful not to load it ''on top of* the ADC sub¬ 
routine! 


003 100 061 
003 101 377 
003 102 003 
003 103 041 
003 104 000 
003 105 002 
003 106 345 
003 107 021 






/THIS IS THE DATA ACQUISITION CONTROL AND 
/DISPLAY PROGRAM. THE SUCCESSIVE APPROXI- 
/MATION SOFTWARE FROM EXP 4 IS USED, 

*003 100 

START, LXISP /SET UP A STACK AREA 
377 
003 

LXIH /SET UP A POINTER ADDRESS 

000 
002 

LOOP, PUSHH /STORE THE MEMORY ADDRESS 
LXID /SET UP TIMING BYTES 
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003 

no 

300 


300 


003 

in 

000 


000 


003 

112 

41 

INIT, 

LXIH 

/SET UP DISPLAY BUFFER ADDRESS 

003 

113 

000 


000 


003 

114 

002 


002 


003 

115 

174 

DISPLA, 

MOVAH 

/GET 8 LSB'S OF DATA 

003 

116 

323 


OUT 

/OUTPUT THEM TO D/A 

003 

117 

004 


004 


003 

120 

054 


INRL 

/INCREMENT MEMORY ADDR 

003 

121 

176 


MOVAM 

/GET 2 AASB'S OF DATA 

003 

122 

323 


OUT 

/OUTPUT TO THE D/A 

003 

123 

005 


005 


003 

124 

323 


OUT 

/STROBE THE D/A TO LOAD 10 BITS 

003 

125 

003 


003 


003 

126 

054 


INRL 

/INCREMENT MEMORY ADDR AGAIN 

003 

127 

302 


JNZ 

/GONE THRU FILE YET? 

003 

130 

115 


DISPLA 

/NO, JUMP TO DISPLA TO DISPLAY 

003 

131 

003 


0 

/THE NEXT POINT 

003 

132 

033 


DCXD 

/YES, DECREMENT LOOP COUNT aiMING BYTE) 

003 

133 

172 


MOVAD 

/ARE ALL 16 BITS OF COUNT = 0? 

003 

134 

263 


ORAE 


003 

135 

302 

ALFA, 

JNZ 

/NO, INITIALIZE FOR ANOTHER DISPLAY 

003 

136 

112 


INIT 

/OF THE BUFFER CONTENTS 

003 

137 

003 


0 


003 

140 

315 


CALL 

/YES, WE “TIMED OUT" SO DO AN A/D 

003 

141 

000 


ADC 

/CONVERSION 

003 

142 

003 


0 


003 

143 

353 


XCHG 

/AAOVE DATA FROM H&L TO D&E 

003 

144 

341 


POPH 

/GET POINTER ADDR FROM STACK 

003 

145 

163 


MOVME 

/STORE 8 LSB'S 

003 

146 

054 


INRL 


003 

147 

162 


MOVAAD 

/STORE 2 MSB'S 

003 

150 

054 


INRL 


003 

151 

302 


JNZ 

/ALL 128 NEW POINTS ACQUIRED? 

003 

152 

106 


LOOP 

/NO, GO BACK AND DO ANOTHER SET OF 

003 

153 

003 


0 

/BUFFER DISPLAYS 

003 

154 

076 


MVIA 

/YES, LOAD A WITH 303 

003 

155 

303 


303 


003 

156 

062 


STA 

/MOVE IT TO ADDRESS ALFA 

003 

157 

135 


ALFA 


003 

160 

003 


0 


003 

161 

303 


JAAP 

/NOW INITIALIZE AND DISPLAY DATA 

003 

162 

112 


INIT 


003 

163 

003 


0 


The 

major portion of the computer’s time will be devoted to 


executing the DISPLA portion of the program, down to the JNZ 
instruction located at address 003 127. How may clock cycles 
will be required by the computer to execute these steps, including 
the JNZ instruction? You may need to reference either Introductory 
Experiments in Digital Electronics and 8080A Microcomputer Pro¬ 
gramming and Interfacing, Book 2 or the Intel 8080 System Usefs 
Manual for this information. 
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We found that 73 machine cycles are required. At 1.33 micro¬ 
seconds per cycle (our computer’s clock period), approximately 
97 microseconds are required to display one 10-bit point. If your 
computer’s clock period is not the same as ours, calculate the time 
required by your computer to display one 10-bit point. Note it 
below: 

Step 4 

Using the result calculated in Step 3, how long will it take to 
go through the DISPLA loop 128 times to display all of the data 
points one time? 


We calculated the time to be (97 microseconds) x (128 points) 
= 12.4 milliseconds. Your time may be different if your computer’s 
clock period is different from ours. 

If register-pair D is set to a value of 000 300, how many times 
will the display loop be executed, displaying the 128-point files? 


The DISPLA loop will be executed 192 times for each block 
of 128 10-bit points. How long will the computer spend in the 
DISPLA loop if we ignore the additional time that is required by 
the few instructions after the JNZ DISPLA instruction. 


Our computer would take about 2.4 seconds .Thus, the data to 
be acquired by the ADC subroutine, the computer-controlled suc¬ 
cessive-approximation A/D converter, will be sampled once every 
2.4 seconds, updating the data stored in memory. 

Step 5 

Connect an oscilloscope to the D/A converter’s voltage output, 
Vdac or DACOUT. You should have read/write memory at ad¬ 
dresses 002 000 through 002 377 for data storage. 


Start the program at address 003 100, Note your observations 
below: 


We observed that random data is displayed on the oscilloscope. 
Remember that this is not an X Y display, but a Y vj. t display, 
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the time axis or t axis being supplied by the oscilloscope’s time-base 
generator circuitry. 

Step 6 

As the program is executing, slowly rotate the potentiometer 
through to its complete limits of rotation. Take about 20 to 30 
seconds to do this. Do you notice any effect upon the data that 
is being displayed? 


We noticed that new data values were entered and displayed 
on the oscilloscope, their vertical position being in direct proportion 
to the movement of the potentiometer. The display seemed to flash 
briefly as new data points were acquired. 

Continue to acquire data points until all 128 data points have 
been acquired. You may wish to adjust the oscilloscope’s time base 
so that only one complete display of the data points is shown. 
What happens at the end of the data-acquisition period? 


We found that the computer continued to display the 128 points 
in the data file. No new points are added to the file. 

Step 7 

Without changing the potentiometer setting, or disturbing the in¬ 
terface, restart the program at address 003 100. Does the data- 
acquisition sequence that you observed in Step 6 repeat itself? 


We observed only the display of the data file, consisting of the 
data that was acquired during Step 6. Can you explain this? Ex¬ 
amine the software steps from memory address 003 154 through 
003 163. If you need an additional hint, check the contents of 
location 003 135. What has happened? 


A software “trick” has been used to make the program alter 
itself after it has acquired 128 data points. The program contains 
steps to substitute an unconditional jump for the conditional, 
jump-if-not-zero instruction (JNZ=302) at symbolic addresses 
ALFA. After one complete pass through the data-acquisition pro¬ 
gram, the modification takes place allowing only for the display of 
the data file. 
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Step 8 

Replace the instruction code now stored at symbolic address 
ALFA with the op code for a JNZ instruction. Restart the program 
at address 003 100. What happens now? 


The program runs as expected, acquiring new data points and 
displaying them. The data acquired previously in Step 6 is still 
contained in the buffer memory so it will be displayed imtU all 
of the old data points are “displaced” by new ones. 

Step 9 

ITie software trick that was noted in Step 7 provides a “lock” that 
prevents additional data points from being acquired once the com¬ 
plete 128-point data file has been established. Could you add soft¬ 
ware steps to initialize the JNZ instruction at ALFA at the start 
of the program? What instructions would you add? Try to add them 
so that they do not disturb or “move” instructions that are already 
a part of the program. 


We added the following steps: 


003 073 

076 

MVIA 

/Load A with 302 

003 074 

302 

302 


003 075 

062 

STA 

/Store it ALFA 

003 076 

135 

ALFA 


003 077 

003 

0 


You may wish to 

try these steps. 

They eliminate the 


reinitialize the JNZ instruction as outlined in Step 8. If you add 
these program steps, be sure to start your new program at address 
003 073. You might also wish to add program steps that would 
initialize the data file to one value, say, 000. 


The hardware used in this experiment will be used in the next ex¬ 
periment. Do not disconnect it if you plan to do the next experiment. 
The software will not be used, so you may turn off the power, if you 
wish. 
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EXPERIMENT NO. 6 

GATE THRESHOLD MEASUREMENTS USING 
A D/A CONVERTER 


Purpose 

The purpose of this experiment is to measure the voltages at 
which tiie output of a standard 7400-series gate changes from a 
logic zero to a logic one and also from a logic one to a logic zero. 

Discussion 

Voltages may be measured indirectly, without the use of an A/D 
converter or other measuring device. Tliis experiment uses a micro¬ 
computer and a 10-bit D/A converter to measure the threshold or 
switching voltages of a gate. An SN74L00 or SN74LS00 will be 
used. The D/A converter will be used to generate a ramp which will 
be applied to the inputs of the gate. The gate’s output will be moni¬ 
tored for a change of state. The voltage at which this change occurs 
will be noted as its binary value, i.e., the binary value applied to the 
10-bit D/A converter. 

Schematic Diagram of the Circuit 

The 10-bit D/A converter that has been used in the previous 
experiments (Fig. 7-8) will also be used in this experiment. If this 
interface is not connected to your computer, we refer you to Step 
1 of Experiment 1 for the necessary details. 

If you have completed Experiment 3, 4, or 5, the necessary 
input port has already been constructed and should be available 
on your breadboard. If an input port is not available, you will be 
instructed to implement it in a later step. 

Individual schematic diagrams will be provided in the individual 
steps in which they will be used. 

Step I 

With the 10-bit D/A converter interfaced to the computer, load 
the following program into the computer’s memory. Connect an 
oscilloscope or a vom to the D/A converter’s voltage output, 
DACOUT or Vdao- Run this program by starting it at address 
003 000. 

/THIS IS A SHORT TEST PROGRAM FOR THE 
/CHECK-OUT OF THE GAIN AND OFFSET 

*003 000 

003 000 041 LXIH /SET UP A VALUE TO BE OUTPUT 

003 001 000 000 /TO THE D/A CONVERTER 
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003 002 000 

000 


003 003 175 

MOVAL 

/LOAD THE VALUE TO THE D/A 

003 004 323 

OUT 


003 005 004 

004 


003 006 174 

MOVAH 


003 007 323 

OUT 


003 010 005 

005 


003 on 323 

OUT 

/STROBE THE D/A 

003 012 003 

003 


003 013 166 

HLT 

/STOP 


When the program has been run, what is the voltage that ap¬ 
pears at the D/A converter’s output? 


We found that the output was very close to ground (zero volts). 
If you are using the AD7522 10-bit D/A converter as shown in 
Experiment 1, or if you are using the LR-35 Outboard, adjust the 
OFFSET potentiometer until the D/A converter’s output is as close 
to zero volts as possible. If you are using an equivalent D/A con¬ 
verter interface, an offset control may be present. If so, make the 
necessary adjustment so that the D/A converter’s output is zero 
volts. If an offset control is not present, go on to the next step. 

Step 2 

Substitute the data value 377 for the present values stored in the 
memory locations with addresses 003 001 and 003 002. Again, 
start the program at address 003 000 and note the voltage output 
by the D/A converter in the space below: 


We observed an output of about 4.6 volts when we performed 
this step. If your D/A converter has a gain control, adjust it so 
that the voltage that is output by the D/A converter is between 
5.0 and 5.1 volts. If you do not have a gain control on your inter¬ 
face, go on to the next step. 

Step 3 

Repeat the steps in Step 1 to be sure that the D/A converter 
is stiU “zeroed” and that it will output zero volts when the input 
code is all zeros. 

Step 4 

If you have just completed Experiment 3, 4, or 5, remove all 
of the connections to the LM311 comparator integrated circuit. 
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+ 5 GND 


IN 

*006 



- D7 DATA 

BUS 

8095 (74365) 


Fig. 7-9. The DMa095 or SN74365 into- 
grated circuit connected as a three-state 
input port, IN 006. 


Leave the DM8095 (SN74365) three-state input port connected 
to the computer. 

If you do not have an input port breadboarded, wire the DM8095 
integrated circuit as shown in Fig. 7-9;_JBe su re t o check for the 
proper connection of the control signals IN and 006 to the DM8095 
integrated circuit. Power and ground must also be connected as 
shown in Fig. 7-9. The SN74365 is equivalent to the DM8095 
device. 


Step 5 

Connect a quad nand gate integrated circuit as is shown in 
Fig. 7-10. Only one of the four gate devices will be used. We 
recommend an SN74L00 or an SN74LS00 for this. Remember 
to connect the power and ground pins to the proper power buses. 


FROM VDAC 


cO- 


74L00 OR 74LS00 


TO 8095 

PIN 2 


■T... J- 


Fig. 7-10. 


Step 6 

Enter the following program into the computer's memory. The 
program will generate a linear ramp output that is applied to the 
inputs of the SN7400-series gate. 



*003 000 


003 000 041 

LXIH 

/SET UP STARTING VALUE FOR RAAAP 

003 001 000 

000 


003 002 000 

000 


003 003 175 RAMP, 

MOVAL 

/OUTPUT VALUE TO THE D/A 

003 004 323 

OUT 


003 005 004 

004 
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003 (X)6 174 

MOVAH 


003 007 323 

OUT 


003 010 005 

005 


003 oil 323 

OUT 

/STROBE THE D/A 

003 012 003 

003 


003 013 333 

IN 

/INPUT GATE'S STATUS 

003 014 006 

006 


003 015 346 

ANI 

/MASK OUT OTHER BITS 

003 016 200 

200 


003 017 312 

JZ 

/WHEN IT CHANGES, WE'RE DONE 

003 020 026 

DONE 


003 021 003 

0 


003 022 043 

INXH 

/INCREASE RAMP BY ONE 

003 023 303 

JAAP 

/OUTPUT NEW VALUE 

003 024 003 

RAAAP 


003 025 003 

0 


003 026 174 DONE, 

AAOVAH 

/GET THE 2 MSB'S 

003 027 323 

OUT 

/OUTPUT THEM TO PORT 0 

003 030 000 

000 


003 031 175 

AAOVAL 

/GET THE 8 LSB'S 

003 032 323 

OUT 

/DISPLAY THEM, TOO 

003 033 002 

002 


003 034 166 

HLT 

/STOP 

Step 7 




Start the program at memory address 003 000 and note the 10-bit 
result for each of four trials in the spaces provided. The results will 
be observed at the LEDs connected to output ports 000 and 002. 


TRIAL 1 __ TRIAL 2 _ 

TRIAL 3 __ TRIAL 4 ____ 

For an SN74L00 gate, we observed values of 001 021, 001 
014, 001 013, and 001 014 (in octal). 

Can these readings be converted to voltages? How? 


Each step for a 10-bit D/A converter is about 5 millivolts. Our 
readings were about 1.34 volts. 

What were the voltages that you measured? The actual voltages 
that you have measured will depend upon the ojffset and gain of the 
converter that you are using, power supply noise, etc. Various 
types of gates from different manufacturers may also cause slight 
differences in the threshold voltages that you are able to measure. 

With a positive-going linear voltage ramp you have measured 
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the voltage at which the NAND-gate switches its output from a logic 
one to a logic zero. 

Step 8 

In this step you will measure the voltage at which the NAND-gate 
output switches from a logic zero to a logic one. What type of a 
ramp would be required for this? 


A negative-going ramp is required. What software changes are 
needed so that a negative ramp may be generated with the same 
basic program that has been provided for you? 

We made the following changes to the program so that a negative 
ramp would be generated: 

1. Change the data bytes that are loaded into the H and L 
registers with the LXIH instruction so that register L is loaded 
with 377 and register H is loaded with 003. You should be 
able to do this without further help, based upon your previous 
software experience. 

2. Change the INXH instruction to a DCXH instruction (053). 

Are any other program changes necessary? 


YES. The instruction that is used to test the status of the gate’s 
output must be changed to reflect the change in the gate’s initial 
output when the program is started. 

Change the JZ instruction to a JNZ instruction (302). 

Step 9 

Start the program at memory address 003 000 and again note 
your observations in the spaces provided below: 


TRIAL 1 __ TRIAL 2 

TRIAL 3 _ TRIAL 4 


We observed outputs of 001 051, 001 050, 001 050, and 001 
051. These corresponded to voltages of about 1,5 volts in our sys¬ 
tem. The difference between the two threshold voltages that we 
measured was about 160 millivolts. 
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Step 10 

This step is optional. You may wish to use a vmiable power 
supply to supply the power to the nand gate that is being tested. 
The variable voltage should be kept to between 4.75 and 7.0 volts 
to prevent damage to the gate. Be sure that there is a good ground 
connection between the variable power supply and the computer 
system. Is there any effect on the threshold voltages when the gate’s 
supply voltage is varied? Are the thresholds the same for different 
gates? 


This experiment is based upon one developed by Dr, Mike Daugherty 
at California State College, Dominguez Hills, CA 90747, 

EXPERIMENT NO. 7 
USING TWO 8-BIT D/A CONVERTERS; 

THE BURR-BROWN MP-10 MODULE 

Purpose 

The purpose of this experiment is to explore the use of the Burr- 
Brown MP-10 dual D/A converter interface and how it may be 
used as either a memory-mapped or as an accumulator I/O device. 

Discussion 

The Burr-Brown MP-10 dual D/A converter interface incorpo¬ 
rates all of the logic necessary to interface two 8-bit D/A con¬ 
verters to a microcomputer. The necessary device decoding, gating, 
latching, and converting circuits are provided in the module. 

The MP-10 module incorporates a peripheral interface inte¬ 
grated circuit similar to the Intel 8255 device. This “chip” is under 
the control of the programmer and it can actually be programmed 
to change its internal functions through program commands. In the 
MP-10, it is used as a bus-compatible dual latch, latching eight 
bits for each of the D/A converters. 

When using programmable interface devices, some control of the 
circuit is needed, generally at the start of a program. You will see 
that this is the case with the MP-10. An oscilloscope is required 
in this experiment. 
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Schematic Diagram of the Circuit (Fig. 7-12) 


■f 12 45 6N0 -12 



Fig. 7-12. 


Step 1 

Wire the MP-10 module as shown in the schematic diagram (Fig. 
7-12). Take care to be sure that the -1-12- and —12-volt power inputs 
are correctly wired. Reverse polarity may cause extensive damage 
to this module. 

Step 2 

Once the circuit has been wired, turn on the power and mo¬ 
mentarily break the connection between the MP-lO’s reset input, 
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pin 11, and the ground connection. This is best done by lifting the 
wire connection between the two points. This resets the MP-lO’s 
internal logic. This must be done eadi time that power is applied 
to the MP-10. Generally, a reset push button will perform this 
function. 

Step 3 

Enter the following program into the computer’s memory and 
then start it at address 003 000. 


003 000 

076 

*003 000 

AAVIA 

003 001 

200 

200 

003 002 

323 

OUT 

003 003 

363 

363 

003 004 

043 LOOP. 

INXH 

003 005 

000 

NOP 

003 006 

174 

MOVAH 

003 007 

000 

NOP 

003 010 

323 

OUT 

003 oil 

360 

360 

003 012 

175 

AAOVAL 

003 013 

000 

NOP 

003 014 

323 

OUT 

003 015 

361 

361 

003 016 

303 

JMP 

003 017 

004 

LOOP 

003 020 

003 

000 


/SET UP A WITH INIT PATTERN 
/OUTPUT IT TO THE D/A'S 
/INCR REG PAIR H 
/GET DATA FROM REG H 
/OUTPUT IT TO A D/A 
/GET DATA FROM REG L 
/OUTPUT IT TO A D/A 


Alternately connect an oscilloscope to the MP-lO’s output 1 
and OUTPUT 2 connections. What do you observe? 


You should observe that two varying signals are present. If this 
is not the case, recheck your interface and the software listed in 
the program. We found that two negative ramps are produced by 
the MP-10. One had a short period while the other had a long period. 

What is the voltage range of the two analog outputs? 


We observed an output from about —10 volts to -f-8 volts when 
using the -1-12- and —12-volt power supply. Burr-Brown recommends 
a -H5- and—15-volt supply. With this type of a supply, the full -t-lO- 
to —10-volt output range is observed. You may use a separate ±15- 
volt supply if there is a good common-ground connection between 
the computer and the power supply. 
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Step 4 

Since an increment instruction is used in the short program that 
was entered into the computer in Step 3 and the MP-10 outputs 
a negative ramp, what does this indicate is happening to either 
the analog data or the digital data? 


There is a net inversion of the data, either analog or digital. 

Is the interface set up for memory-mapped or accumulator I/O? 
How do you know? 


Accumulator I/O is being used. The OUT signal is being used 
to strobe the MP-10, and an OUT instruction is used to transfer 
the data from the 8080 to the MP-lO’s D/A converters. 

Step 5 

Substitute a DCXH instruction (053) for the INXH instruction 
that is presently in the program at memory location 003 004. 
What is its effect when the program is again run? 


The ramps are now positive-going. Now substitute the INXH 
instruction back at memory location 003 004. Can you suggest 
another type of software modification that would have the same 
effect of generating positive-going ramps? The decrement instruc¬ 
tion may not be used. 


We substituted two complement-register-A instructions (CMA = 
057) for the two no-operation instructions (NOP = 000) in loca¬ 
tions 003 007 and 003 013. 

Step 6 

Substitute the two CMA instructions in the program as noted 
in Step 5. Execute the program. Does this produce the positive¬ 
going ramp outputs? 


We found that it did. You should realize by now that there are 
generally a number of possible solutions to a given problem. Hard¬ 
ware and software solutions are possible. Can you suggest some 
hardware solutions to invert the ramps generated in the original 
program that was presented in Step 3? 
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Invert the data-bus connections to the MP-10 module or invert 
the analog output signal with a unity-gain operational amplifier. 

Step 7 

Examine the schematic diagram (Fig. 7-12) and the pin diagram 
(Fig. 7-11) for the MP-10 module. You have connected its ad¬ 
dress inputs A13 through A8 to +5 volts (logic 1). Since the MP-10 
is designed to be used primarily as a memory-mapped I/O device, 
we have hardwired these address pins to simulate the presence of 
these high address bits in the proper state for operation. We have 
also wired input pins B2 and B3 to ground (logic 0). These are the 
address-option pins that have been described in the text of Unit 
No. 1. 

With the present connections to the MP-10, the following 8-bit 
address codes are used to address the device: 

in 10000 D/A Converter #1 
11110001 D/A Converter #2 
11 noon Internal Control Register 

Address code 11110010 is not used in the MP-10. 

Step 8 

Turn off the computer and any separate power supply for the 
MP-10, and remove the connection between the MP-lO’s A13 ad¬ 
dress pin (pin 31) and the +5-volt supply. Make a connection 
between the MP-lO’s A13 address pin (pin 31) and the 8080"s 
A15 address pin (pin 36). A small clip lead or jumper may be 
used for this connection to the 8080 integrated circuit if this ad¬ 
dress connection is not readily available. 

Since the MP-10 requires that all address inputs, A13 through 
A4, be at a logic 1 to operate, what is the implication of this new 
connection to the 8080’s A15 address pin? 


This connection means that the module will only operate when 
one of the device addresses listed in Step 7 is present, AND when 
the 8080’s A15 address output is a logic one. 

Step 9 

Rem ove t he connection between the MP-10 module and the 
8080’s OUT si^al. R econn ect the MP- 10"s pin 12 and the 8080’s 
memory-write signal, MW or MEMW. This connection and the 
connection between the MP-10 and the 8080’s A15 address pin 
have reconfigured die MP-10 as a memory-mapped I/O device. 
CAUTION: This configuration is not absolutely decoded. The 
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MP"‘10 will have many, many addresses within the 64K that are pos¬ 
sible, since not all of the 8080*s 16 address lines have been used to 
decode the addresses assigned to the MP-10, 

Step 10 

Enter the following program into the computer’s memory. This 
is a ramp generator program that uses memory-mapped I/O de¬ 
vices, in this case the MP-10. Remember to turn on the power 
to your system. 


*003 000 


003 000 041 

START, 

LXIH 

/SET UP REGS H & L TO MEMORY ADDR 

003 001 363 


363 

/OF D/A'S CONTROL REG 

003 002 200 


200 


003 003 066 


MVIM 

/LOAD IT WITH CONTROL WORD 

003 004 200 


200 

/CONTROL WORD = 200 

003 005 043 

AGAIN, 

INXH 

/INCREMENT REG PAIR H 

003 006 042 


SHLD 

/SAVE H 8c L AT ADDRESS 

003 007 360 


360 

/200 360 AND 200 361, THE ADDRESSES 

003 010 200 


200 

/OF THE D/A CONVERTERS 

003 on 303 


JMP 

/DO IT AGAIN 

003 012 005 


AGAIN 


003 013 003 


0 



This program outputs the octal control word 200 to the Internal 
Control Register of the MP-10 (address 200 363) to initialize it. 
The two 8-bit D/A converters are “located” at addresses 200 360 
and 200 361. 

Once the program has been entered, momentarily remove the 
ground connection to the MP-lO’s RESET input, pin 11. Now start 
the program. What do you observe? 


We observed that negative-going ramps are again being generated. 

Step 11 

If you wish to use the memory-mapped I/O interface to again 
generate positive-going ramps, you will need to make some hardware 
or software changes. Assume that aH changes are to be made in 
the software. Can you suggest some typical software routines thal 
could be used? Try not to use the decrement instruction. 


We found that the following program works well. Register paii 
D is used to hold an incremented count. The values in registers 
D and E are complemented and then moved to register pair H 
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Once the data is in registers H and L, it is “output” to the D/A 
converters with the SHLD instruction. 


003 000 

041 

*003 000 

LXIH 

/YOU'VE SEEN THIS INITIALIZATION 

003 001 

363 

363 

/BEFORE 

003 002 

200 

200 


003 003 

066 

MVIM 


003 004 

200 

200 


003 005 

023 RAMP, 

INXD 

/INCREMENT REG PAIR D 

003 006 

172 

MOVAD 

/GET DATA FROM REG D 

003 007 

057 

CMA 

/COMPLEMENT IT 

003 010 

147 

MOVHA 

/STORE IT IN REG H 

003 on 

173 

MOVAB 

/DO THE SAME FOR REG E 

003 012 

057 

CMA 


003 013 

157 

MOVLA 


003 014 

042 

SHLD 

/AGAIN, STORE REGS H & L IN MEMORY 

003 015 

360 

360 

/ADDR 200 360 AND 200 361 

003 016 

200 

200 


003 017 

303 

JMP 

/KEEP GOING 

003 020 

005 

RAMP 


003 021 

003 

0 



You have probably noticed that there is little advantage to using 
memory-mapped I/O in this example. Actually, when compared 
to the accumulator I/O technique, the memory-mapped I/O tech¬ 
nique requires more program steps to perform an equivalent func¬ 
tion. Many people treat memory-mapped I/O as a panacea. It 
is not, and its use should be carefully evaluated. 

Step 12 

Turn off your computer. If you do not plan to do any of the 
following experiments, the interface may be dismantled. If you will 
be doing any of the following experiments, make the following 
changes to again return the MP-10 D/A converter interface to the 

accumulator I/O configuration. _ 

Remove the connection between the MP-10 and the M EMW 
output of the 8080. Connect the MP-lO’s pin 12 to the OUT 
signal instead. Remove the connection between the MP-10 and the 
8080’s A15 address output (8080 pin 36). Connect this MP-10 
input (pin 31) to +5 volts, instead. 

EXPERIMENT NO. 8 

USING TWO D/A CONVERTERS FOR A Y-vs.-T 


Purpose 

The purpose of this experiment is to use two 8-bit D/A con¬ 
verters and appropriate software to provide a Y-vs-.-T type of dis¬ 
play for data. Various data files will be displayed on an oscilloscope. 
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Discussion 

In many cases it is necessary to output a file of data as analog 
voltages, which are displayed on an oscilloscope or output to a 
plotter to form a permanent record of the data. In either case, the 
use of two D/A converters greatly simplifies the output procedure. 

One of the D/A converters is used to output the analog data 
while the other is used to output a steadily increasing voltage so 
that points are plotted, or displayed, in a continuous left-to-right 
form. In this experiment, either the Burr-Brown MP-10 D/A con¬ 
verter module or two independent 8-bit D/A converters may be 
used. We have found that the Signetics NE5018 8-bit D/A con¬ 
verter will work well in this experiment. The interfacing details are 
presented in the appropriate steps. 

Schematic Diagram of the Circuit 

The actual schematic diagram of the circuit will vary, depending 
upon the type of D/A converters that you are using. We recommend 
that you use either the Burr-Brown MP-10 module or two of the 
Signetics NE5018 devices. 

Step 1 

If you will be using the Burr-Brown MP-10 module, refer to Ex¬ 
periment 7 for the interfacing circuit (Fig. 7-12) that is required 
and then proceed to Step 3. If you will be using the Signetics 
NE5018 8-bit D/A converter integrated circuit, continue to Step 
2. If you have decided to substitute another type of 8-bit D/A 
converter, wire it, test it, and then go on to Step 3. 

Step 2 

The Signetics NE5018 8-bit D/A converter is inexpensive and 
easy to interface to 8080-like microcomputers. Fig. 7-13 is the 
block diagram of the NE5018 integrated circuit. The pin numbers 
for the 22-pin package is shown in Fig. 7-14. 

You should note that the NE5018 device incorporates an 8-bit 
latched D/A converter, buffer output amplifier, and reference, all 
on the same integrated circuit. This makes the interfacing job very 
easy as shown in the schematic diagram in Fig. 7-15. 

Wire two of these interfaces to your computer. You will have 
to provide a device address decoder for addresses 360 and 361, 
the addresses to be used as the input “XYZ” for each of the inter¬ 
faces, respectively. An additional output instruction, OUT 363, is 
used to initialize the Burr-Brown MP-10, if it is used. If you are 
using the NE5018, you may ignore the operation of this step in the 
program. 
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07 06 05 04 03 02 01 00 LOAD 



Step 3 

This experiment requires the use of either a dual-trace oscillo¬ 
scope with X-Y display capability, or a single-trace oscilloscope 
with provision for an external time base. 

Connect the oscilloscope so that the output from the D/A con¬ 
verter with device-code 361 provides the time base or X-axis input 
and the output from the D/A converter with device-code 360 pro¬ 
vides the data for the Y-axis input. 


PIN CONFIGURATION 



F.N PACKAGE 

DIGITAL GNO [T 


"iil ANALOG GND 

OBO(LSB) [T 


Til AMP. COMP. 

OBI [T 


TqI sum node 

D62 [T 


IE Vcc- 

*>83 EH 


iE ''OUT 

OB4 [T 


W 

< 

o 

o 

DBS [T 


‘lil DAC COMP. 

0B6 [F 


Til bipolar offset r 

D87 (MSB) [T 


13 y^EF »N 

Li 


jll Vref out 

NC QT 


IB ''RCF AOJ. 

SE5018 available in F package only. 


Fig. 7-14. 
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Fig. 7-15. Interface circuit for the NE5018 8-bit D/A converter. 


Step 4 

With both D/A converters interfaced to the computer and also 
connected to the oscilloscope, enter the following program into the 
computer’s memory. 

*003 000 


003 000 061 


LXISP 

/SET UP A STACK AREA 

003 001 377 


377 


003 002 003 


003 


003 003 076 


AAVIA 

/INITIALIZE THE MP-10 MODULE 

003 004 200 


200 

/IF IT IS BEING USED 

003 005 323 


OUT 


003 006 363 


363 


003 007 041 

NEW, 

LXIH 

/SET UP POINTERS TO DATA BUFFER 

003 010 000 


000 


003 on 002 


002 


003 012 176 

LOOP, 

AAOVAM 

/GET A DATA POINT FROM THE BUFFER 

003 013 000 


NOP 


003 014 323 


OUT 

/OUTPUT IT TO A D/A CONVERTER 

003 015 360 


360 


003 016 175 


MOVAL 

/GET THE LOW ADDR OF THE POINT 

003 017 000 


NOP 


003 020 323 


OUT 

/OUTPUT IT TO THE OTHER D/A 

003 021 361 


361 
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/OPEN AREA 


003 022 000 

NOP 

003 023 000 

NOP 

003 024 000 

NOP 

003 025 054 

INRL 

003 026 303 

JMP 

003 027 012 

LOOP 

003 030 003 

0 


/INCREMENT LOW ADDR 


This program will output 256 8-bit data words that are stored 
in memory locations 002 000 through 002 377. The data will be 
represented by the D/A converter’s output voltages that correspond 
to inputs of 000 through 377. (Minimum scale to full scale.) 

Step 5 

With the internal time base of the oscilloscope connected or 
properly switched to provide the timing, start the program. What 
do you observe? You may have to adjust the oscilloscope trigger 
controls to “hold” die displayed information steady. 


We observed a random, but repetitive, pattern on the oscillo¬ 
scope screen. Be sure that you have read/write memory available 
with addresses 002 000 through 002 377. 

If the trace is somewhat blurred, you may wish to add a time- 
delay subroutine to the program so that each point or “dot” will 
be displayed for a longer period. The following time-delay subrou¬ 
tine, previously listed in other experiments, will work well. 


/THIS IS THE DELAY SUBROUTINE 
*003 200 


003 200 365 

DELAY, 

PUSHPSW 

/SAVE REGISTERS 

003 201 325 


PUSHD 


003 202 021 


LXID 

/SET TIMING BYTES IN REGISTERS 

003 203 046 


046 

/D & E 

003 204 001 


001 


003 205 033 

DEC, 

DCXD 

/DECREMENT THE REGISTER PAIR 

003 206 172 


MOVAD 


003 207 263 


ORAE 

/CHECK FOR REG PAIR = 000 

003 210 302 


JNZ 

/IF NOT ZERO, DO IT AGAIN 

003 211 205 


DEC 


003 212 003 


0 


003 213 321 


POPD 

/DONE, RESTORE REGISTERS 

003 214 361 


POPPSW 


003 215 311 


RET 



Remember to add the necessary CALL instruction and two ad¬ 
dress bytes to the main program. These may be substituted for the 
three NOP instructions at addresses 003 022 through 003 024. 
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NOTE: If you are using a D/A converter that inverts the analog 
or digital data, you may wish to use complement instruc¬ 
tions (CMA = 057) in place of the two NOP instructions 
at memory locations 003 013 and 003 017. 

If you use the time-delay subroutine, we suggest that you start with 
timing bytes of 000 002. These seemed to work well for us. 

Step 6 

Is it possible to examine the displayed data and determine the 
start and the end of the data file? Which point corresponds to the 
data value stored at 002 000? 

We could not tell. The display was relatively continuous and we 
had no way of distinguishing between the various data points. You 
could always “cheat” and load some data value, say 000 or 377, 
into the first few locations in the data-storage area of memory. 
These would be displayed to indicate the start of the data file. 

Step 7 

Load the value 377 into memory locations 002 000 through 002 
012. Restart the program and note your observations below. Are 
these points distinguishable from the others? 


Yes, we found them in the data that we were displaying. They 
are also found one or more times, depending upon the oscillo¬ 
scope time base and trigger settings. 

Step 8 

We mentioned that one of the D/A converters may be used to 
supply an external time base to the oscilloscope. How is this done? 
Can you examine the software and establish a relationship between 
the data that is being displayed and the value that is being output 
to the other D/A converter? 

An examination of the program indicates that the D/A converter 
with device code 361 will output a voltage that is proportional to 
the low address of each data point. This will always be constant 
for a given data point. This provides the increasing ramp voltage 
that is used to “sweep” the electron beam across the oscilloscope’s 
screen, from left to right. 

Step 9 

Reconfigure the oscilloscope to use the other D/A converter 
(device 361) to provide the external time base. Start the soft¬ 
ware. What do you observe? 
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We observed that a set of data points were displayed. If the 
D/A converter that is supplying the ramp is connected to an ex- 
temal-time-base input, the display will be a series of data displays, 
one after the other as was seen previously. If the D/A converter 
is supplying the ramp to an X-axis input, a single display of the 
data &e will be displayed. There will be no continuous display 
of one data file “image” after another. The two t 5 rpes of displays 
are shown in Fig. 7-16. 

The oscilloscope that we used was a Heath 10-4510, used in the 
X-Y mode. The display that we observed was similar to that il¬ 
lustration shown for the Ramp Input to X-Axis Input in Fig. 7-16B. 
In this mode, it was easy to use the X-axis and Y-axis gain controls 
to move the data so that it completely filled the space on the os¬ 
cilloscope’s screen. 




(A) Ramp input to external-time-base input. (B> Ramp input to X-axis input. 

Fig. 7-16. Data display using two D/A converters. 


Step 10 


Enter the following 
the addresses shown: 

data 

values into the computer’s 

memory 

002 000 000 DATA, 

000 

002 012 040 

040 

002 001 001 

OOl 

002 013 050 

050 

002 002 002 

002 

002 014 060 

060 

002 003 003 

003 

002 015 070 

070 

002 004 004 

004 

002 016 120 

120 

002 005 005 

005 

002 017 140 

140 

002 006 006 

006 

002 020 160 

160 

002 007 007 

007 

002 021 200 

200 

002 010 020 

020 

002 022 220 

220 

002 on 030 

030 

002 023 240 

240 


Start the computer. Can you observe the “data” from the 18- 
point file that you entered? What does it look like? 
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We observed a series of three ramps with increasing slopes. Each 
ramp is represented by a series of points. Other data values that 
were also in the 256-point file are displayed, too. 

Step 11 

Could the program be modified so that fewer than 256 points 
are displayed? Can you suggest some software steps that would 
implement this? 


We made the following changes to the program. These modifi¬ 
cations monitor the low address of the data point that is being 
displayed. When a limiting address is reached (set in the program), 
the computer will again display the file, starting with the first 
point. 


003 025 054 

*003 025 
INRL 

/INCREAAENT LOW ADDR 

003 026 175 

MOVAL 

/AAOVE IT TO REG A 

003 027 376 

CPI 

/COAAPARE IT TO THE UPPER LIAAIT 

003 030 000 

000 

/ADDRESS STORED HERE 

003 031 302 

JNZ 

/IF NOT EQUAL, KEEP DISPLAYING 

003 032 012 

LOOP 

/POINTS IN THE BUFFER 

003 033 003 

0 


003 034 303 

JAAP 

/IF UPPER ADDR IS REACHED, 

003 035 007 

NEW 

/REINITIALIZE THE ADDR POINTERS 

003 036 003 

0 

/AND DISPLAY THE BUFFER AGAIN 

Enter these 

new steps 

and start the program. You 


wish to try the program steps that you devised as part of this step. 
What do you observe? 


We observed that the data file was again displayed, as before. 
Now, substitute the value 025 for the value 000 in memory loca¬ 
tion 003 030. This changes the upper limit of the display. Restart 
the program. What happens now? 


Only the first 265 data points are displayed. The comparison value 
or the low address of the last data point to be displayed may be 
changed to include more or fewer data points in the displayed data. 

Would it be possible to output something other that a continuous 
line or point plot using the Y-v^.-T display method? Could shapes or 
patterns be displayed? 


220 



No. Only one point may be displayed for each point on the 
time axis. Thus, the output cannot have two analog values at the 
same “time.” 

Leave the D/A converters interfaced to your computer. They 
will be used in the next experiment. Power may be turned off at 
this time. 


EXPERIMENT NO. 9 

USING TWO D/A CONVERTERS FOR AN X-vs.-Y DISPLAY 
Purpose 

This experiment explores the use of two D/A converters for 
output of X- and Y-axis data to a display device for a true X-v^.-Y 
display. 

Discussion 

The Y-v^.-T display technique allows you to display data that has 
only one value for each point on the X-axis or time axis. The X-V5'.- 
Y display technique divides the display area into a matrix of points, 
any one of which may be “addressed” by one voltage coordinate 
from one of the D/A converters and by another voltage coordinate 
from the other D/A converter. Since two 8-bit D/A converters will 
be used, there will be 256 addressable points on each axis, for a 
total of 65,536 points which may be addressed independently. 

This experiment will use an oscilloscope to present a graphic 
display of the data. 

Schematic Diagram of the Circuit 

The interface used in Experiment 8 will be used in this experi¬ 
ment. We refer you to Experiment 8 for the interfacing details. 

Step 1 

Be sure that the two 8-bit D/A converters that were used in 
Experiment 8 are still interfaced to your computer. If they are not, 
refer to the interfacing details in Experiment 8. We used a Burr- 
Brown MP-10 module and two of the Signetics NE5018 integrated 
circuits when we tested this experiment. 

Step 2 

Enter the following program into your computer’s memory: 


003 000 061 

LXISP 

/SET UP A STACK AREA 

003 001 377 

377 


003 002 003 

003 


003 003 076 

MVIA 

/INITIALIZE THE MP-10 
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003 004 200 


200 


003 005 323 


OUT 


003 006 363 


363 


003 007 041 

NEW, 

LXIH 

/SET UP X AXIS DATA FILE ADDR 

003 010 000 


000 


003 on 002 


002 


003 012 021 


LXID 

/SET UP Y AXIS DATA FILE ADDR 

003 013 200 


200 


003 014 002 


002 


003 015 176 

LOOP, 

MOVAM 

/GET X AXIS POINT 

003 016 000 


NOP 


003 017 323 


OUT 

/OUTPUT IT 

003 020 360 


360 


003 021 032 


LDAXD 

/GET THE Y AXIS DATA 

003 022 000 


NOP 


003 023 323 


OUT 

/OUTPUT IT, TOO 

003 024 361 


361 


003 025 000 


NOP 

/SPARE 

003 026 000 


NOP 


003 027 000 


NOP 


003 030 054 


INRL 

/INCREMENT X AXIS ADDR POINTER 

003 031 034 


INRE 

/INCREMENT Y AXIS POINTER, TOO 

003 032 302 


JNZ 

/IF E IS NOT = 0, DISPLAY NEXT 

003 033 015 


LOOP 

/POINT IN THE BUFFER 

003 034 003 


0 


003 035 303 


JMP 

/IF BUFFER DONE, DO IT AGAIN, SO 

003 036 007 


NEW 

/REINITIALIZE THE POINTER ADDRESSES 

003 037 003 


0 



After you have loaded this program into the computer’s memory, 
you may wish to go back and check it to correct any errors that 
you have made during its entry. 

Step 3 

Connect an oscilloscope which has X-v^.-Y display capability 
so that the Y-axis input is connected to the D/A converter with 
device address 361 and the X-axis input is connected to the D/A 
converter that has device address 360. This is the same configura¬ 
tion that was used in Experiment 8. 

Start the program at address 003 000. You may have to adjust 
the gain control for each input so that the points displayed fill 
the oscilloscope’s screen. Each input’s position controls may also 
need adjustment. 

Briefly describe your observations: 


We observed the display of many points on the oscilloscope 
screen, much like those points that were displayed in the previous 
experiment. 
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You may observe some streaking or smearing between the data 
points. This is caused by the timing of the display software. The 
computer spends little time in displaying each point so the points 
are not much brighter than some of the streaks. Three no-operation 
instructions (NOP = 000) have been placed in the program so 
that a call to a delay subroutine may be added. This will cause 
the computer to display each point for a somewhat longer time. 

To make this change, replace the three NOP instructions with 
the following three-byte call instruction: 


003 025 315 
003 026 200 
003 003 003 


CALL 

Low address of the DELAY subroutine 
High address of the DELAY subroutine 


This step calls the delay subroutine that you have used in many 
of the previous experiments. It is listed again for clarity, in the 
space below. Timing bytes of 0(X) and 002 in locations 003 204 and 
003 205, respectively, worked well for us. 


/THIS IS THE DELAY SUBROUTINE 


*003 200 


003 200 365 

DELAY, 

PUSHPSW 

/SAVE REGISTERS 

003 201 325 


PUSHD 


003 202 021 


LXID 

/SET TIMING BYTES IN REGISTERS 

003 203 046 


046 

Id and e 

003 204 001 


001 


003 205 033 

DEC, 

DCXD 

/DECREMENT THE REGISTER PAIR 

003 206 172 


MOVAD 


003 207 263 


ORAE 

/CHECK FOR REG PAIR = 000 

003 210 302 


JNZ 

/IF NOT ZERO, DO IT AGAIN 

003 211 205 


DEC 


003 212 003 


0 


003 213 321 


POPD 

/DONE, RESTORE REGISTERS 

003 214 361 


POPPSW 


003 215 311 


RET 


Step 4 





Enter the following data points into the computer’s memory. 
Each point has an X and a Y coordinate value. 


Address 

Data 

002 000 

000 

002 001 

040 

002 002 

140 

002 003 

200 

002 004 

300 


Address 

Data 

002 200 

000 

002 201 

000 

002 202 

000 

002 203 

377 

002 204 

377 


223 



Once the X-axis and Y-axis data are entered for each of the five 
points, start the program again. Do you observe any difference? 
Can you distinguish these five points from the other points being 
displayed. 

We observed no difference in the display and we could not dis¬ 
tinguish the five new points. There are just too many other points 
from which they must be distinguished. 

It would be better if the software could be modified to display 
only those points of interest to us. This is the same type of change 
that was made to the program in Experiment 8. 

Step 5 

Make the following changes to the program. Change only the 
steps that are listed below; 


003 030 034 

fNRE 

/INCREAAENT Y AXIS DATA ADDR 

003 031 054 

INRL 

/INCREAAENT X AXIS POINTER, TOO 

003 032 175 

MOVAL 

/GET CONTENTS Of REG L 

003 033 376 

. CPI 

/COAAPARE IT TO A LIAAIT ADDRESS 

003 034 010 

010 

/STORED HERE 

003 035 302 

JNZ 

/IF LIAAIT NOT REACHED, DISPLAY 

003 036 015 

LOOP 

/THE NEXT POINT 

003 037 003 

0 


003 040 303 

JAAP 

/IF LIAAIT REACHED, REINITIALIZE 

003 041 007 

NEW 

/AND START AGAIN 

003 042 003 

0 



Once these new steps have been entered and checked, again 
start the software. You should observe that fewer points are now 
displayed. You may wish to experiment with the timing bytes in 
the DELAY subroutine to decrease any smear between points. 
If you are using the DELAY subroutine, be sure that the call in¬ 
struction is still in the main program. 

Step 6 

Enter the following data into the computer’s memory. 


Address 

Data 

Address 

Data 

002 000 

000 

002 200 

000 

002 001 

040 

002 201 

040 

002 002 

100 

002 202 

100 

002 003 

040 

002 203 

140 

002 004 

020 

002 204 

200 

002 005 

010 

002 205 

240 

002 006 

000 

002 206 

300 

002 007 

000 

002 207 

340 


Now start the program. What do you observe? 
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We observed a series of eight data points forming a peak. 

Step 7 

Enter the following data into the computer’s memory. 


Address 

Data 

002 000 

000 

002 001 

040 

002 002 

000 

002 003 

200 

002 004 

377 

002 005 

340 

002 006 

377 

002 007 

200 


Address 

Data 

002 200 

000 

002 201 

200 

002 202 

377 

002 203 

340 

002 204 

377 

002 205 

200 

002 206 

000 

002 207 

040 


Again start the program and note your observations of the dis¬ 
play in the following space. 

We observed a square with a point in each side. 

Could a true square be displayed in the Y-v^.-T type of display? 


No. It is impossible to have two points with the same ‘‘time” 
coordinate, A close approximation could be attempted, but more 
complex graphics would not be possible. 

How could you increase the number of points that are being 
displayed by the program? 


You could go back to the “old” software that was first described 
in this experiment (for a display of 128 points) or modify the 
portion of the program that was entered in Step 5 so that the 
limiting address is changed to reflect your display needs. The ad¬ 
dress is stored in the memory location with address 003 034. This 
program has the capability to display up to 128 data points, each 
with two 8-bit coordinate values. 

PART REQUIREMENTS FOR THE EXPERIMENTS 

All of the experiments will require an 8080-based microcomputer 
that provides access to the control signals, data bus signals, and 
address bus signals for breadboarding. We used an E&L Instruments 
Mini-Micro Designer System (MMD-1) while preparing and test¬ 
ing these experiments. In addition, we recommend at least one ad¬ 
ditional solderless breadboarding socket. 

The experiments will also require various lengths of #24 or #26 
hook-up wire and any tools that students may require, such as 
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small pliers or a small screwdriver for removal of the integrated 
circuits from the breadboards. You may have to wire device de¬ 
coders and a lamp monitor, if they are not available. Several 
schematic diagrams for these devices are provided in the Introduc¬ 
tion to the Experiments in this unit. 

An inexpensive volt-ohm-milliammeter (vom) should be available 
and an oscilloscope with either two input channels, or a single 
input and provision for an external time base, should be provided 
You will not need one oscilloscope per student; they are readil} 
shared. 

If you choose to build the circuit that is the equivalent of the 
LR-35 Outboard, we suggest that you build it on a piece of perf- 
board or on a solderless breadboarding socket. The complete sche¬ 
matic is provided in Experiment 1. If you construct this circuit, the 
following parts will be needed: 

1 AD7522 10-bit D/A converter, double-buffered (Analog 

Devices, Inc., Nordwood, MA 02062) 

1 SN7402 quad nor gate integrated circuit 

1 741 operational amplifier integrated circuit 

1 79L05 negative 5-volt voltage regulator 

2 1N4001 diodes 

1 25K, 10-tum trimmer potentiometer 

1 5K, 10-tum trimmer potentiometer 

1 lOOK, ^-watt carbon resistor 
1 lOK, ^-watt carbon resistor 

1 1N965 15-volt zener diode 

2 l-/iF tantalum capacitors 

The following parts are required for the experiments, exclusive 
of the parts listed previously for the LR-35 Outboard equivalen 
D/A converter module: 

1 LR-35 Outboard or equivalent circuitry^ 

1 DM8095 or SN74365 three-state buffer integrated circuit (IC^ 

1 LM311 comparator IC 

1 SN74L00 or SN74LS00 quad nand gate IC 

1 SN7432 quad or gate IC 

2 NE5018 latched 8-bit D/A converter IC^ or 

MP-10 dual 8-bit D/A converter module,^ or equivalen 
circuitry 

1 LR-6 quad lamp monitor outboard or equivalent circuit. Sei 

Introduction. 

2 1000-ohm, %-watt carbon resistors 



2 4700-ohm, %-watt carbon resistors 

1 20K, one-tum trimmer potentiometer 

2 O.OI-/ 11 F ceramic disc capacitors 

1 Small screwdriver for potentiometer adjustments 


NOTES: 

1. Available from: 

2. Available from: 

3. Available &om: 


E&L Instruments, Inc. 

61 First Street 
Derby, CT 06418 
Signetics Corporation 
811 East Arques Avenue 
Sunnyvale, CA 94086 
Burr-Brown Research Corp, 
P. O. Box 11400 
Tucson, AZ 85734 


Consult each manufacturer for the acMress of a local distributor. 
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Appendix A 


This appendix contains the National Semiconductor Corporation’ 
Application Note, Specifying A/D and D/A Converters (AN-156) 
It contains many useful definitions and illustrations that will amplif; 
the definitions Aat have been presented in this book. 




NATIONAL 


SPECIFYING A/D AND D/A CONVERTERS 


The specification or selection of analog-to-digital (A/D) 
or digital-to-analog (D/A) converters can be a chancey 
thing unless the specifications are understood by the 
person making the selection. Of course, you know you 
want an accurate converter of specific resolution; but 
how do you insure that you get what you want? For 
example, 12 switches, 12 arbitrarily valued resistors, and 
a reference will produce a 12-bit DAC exhibiting 12 
quantum steps of output voltage, tn all probability, the 
user wants something better than the expected perfor¬ 
mance of such a DAC. Specifying a 12-bit DAC or an 
ADC must be made with a full understanding of accuracy, 
linearity, differential linearity, monotonicity, scale, gain, 
offset, and hysteresis errors. 

This note explains the meanings of and the relationships 
between the various specifications encountered in A/D 
and D/A converter descriptions. It is intended that the 
meanings be presented in the simplest and clearest 
practical terms. Included are transfer curves showing the 
several types of errors discussed. Timing and control 
signals and several binary codes are described as they 
relate to A/D and D/A converters. 

MEANING OF PERFORMANCE SPECS 
Resolution describes the smallest standard incremental 
change in output voltage of a DAC or the amount of 
input voltage change required to increment the output of 
an ADC between one code change and the next adjacent 
code change. A converter with n switches can, resolve 1 
part in 2^. The least significant increment is then 2‘^, or 
one least significant bit (LSB). in contrast, the most 
significant bit (MSB) carries a weight of 2*1. Resolution 
applies to DACs and ADCs, and may be expressed in 
percent of full scale or in binary bits. For example, an 
ADC with 12-bit resolution could resolve 1 part in 2^2 
(1 part in 4096) or 0.0245% of full scale. A converter 
with 10V full scale could resolve a 2.45m V input change. 
Likewise, a 12-bit DAC would exhibit an output voltage 
change of 0.0245% of full scale when the binary input 
code is incremented one binary bit (1 LSB). Resolution 
is a design parameter rather than a performance specifi¬ 
cation; it says nothing about accuracy or linearity. 


© 1976 National Semiconductor Corp. 


Accuracy is sometimes considered to be a non-specific 
term when applied to D/A or A/D converters. A linearity 
spec is generally considered as more descriptive. An 
accuracy specification describes the worst case deviation 
of the DAC output voltage from a straight line drawn 
between zero and full scale; it includes all errors. A 
12-bit DAC could not have a conversion accuracy better 
than tVi LSB or ±1 part in 212+1 (±0.0122% of full 
scale due to finite resolution). This would be the case in 
figure 1 if there were no errors. Actually, ±0.0122% FS 
represents a deviation from 100% accuracy; therefore 
accuracy should be specified as 99.9878%. However, 
convention would dictate 0.0122% as being an accuracy 
spec rather than an inaccuracy (tolerance or error) spec. 
Accuracy as applied to an ADC would describe the 
difference between the actual input voltage and the full- 
scale weighted equivalent of the binary output code; 
included are quantizing and all other errors. If a 12-bit 
ADC is stated to be ±1 LSB accurate, this is equivalent 
to ±0.0245% or twice the minimum possible quantizing 
error of 0.0122%, An accuracy spec describes the 
maximum sum of all errors including quantizing error, 
but is rarely provided on data sheets as the several errors 
are listed separately. 



DIGITAL CDOE 


FIGURE 1. Linear DAC Transfer Curve Showing Minimum 
Resolution Error and Best Possible Accuracy 
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Quantizing Error is the maximum deviation from a 
straight line transfer function of a perfect ADC. As, by 
its very nature, an ADC quantizes the analog input into 
a finite number of output codes, only an infinite 
resolution ADC would exhibit zero quantizing error. A 
perfect ADC, suitably offset Vi LSB at zero scale as 
shown in figure 2, exhibits only t'h LSB maximum 
output error. If not offset, the error will be +o LSB as 
shown in figure 3. For example, a perfect 12-bit ADC 
will show a ±Vi LSB error of ±0.0122% while the 
quantizing error of an 8-bit ADC is t'A part in 2^ or 
±0.195% of full scale. Quantizing error is not strictly 
applicable to a DAC; the equivalent effect is more 
properly a resolution error. 



FIGURE 2. ADC Transfer Curve, 'A LSB Offset at Zero 



FIGURE 3. ADC Transfer Curve. No Offset 


Scale Error (full scale error) is the departure from design 
output voltage of a DAC for a given input code, usually 
full-scale code. (See figure 4.) In an ADC it is the depar¬ 
ture of actual input voltage from design input voltage for 
3 full-scale output code. Scale errors can be caused by 
errors in reference voltage, ladder resistor values, or 
amplifier gain, et. at. (See Temperature Coefficient.) 
Scale errors may be corrected by adjusting output 
amplifier gain or reference voltage. If the transfer curve 
resembles that of figure 7, a scale adjustment at % scale 
could improve the overall ± accuracy compared to an 
adjustment at full scale. 



FIGURE 4. Linear. 1 LSB Scale Error 

Gain Error is essentially the same as scale error for an 
ADC. In the case of a DAC with current and voltage 
mode outputs, the current output could be to scale 
while the voltage output could exhibit a gain error. The 
amplifier feedback resistors would be trimmed to correct 
the gain error. 

Offset Error (zero error) is the output voltage of a DAC 
with zero code input, or it is the required mean value of 
input voltage of an ADC to set zero code out. (See 
figure 5.) Offset error is usually caused by amplifier or 
comparator input offset voltage or current; it can usually 
be trimmed to zero with an offset zero adjust potentio¬ 
meter external to the DAC or ADC. Offset error may be 
expressed in % FS or in fractional LSB. 



FIGURE 5. Linear, A LSB Offset Error 


Hysteresis Error in an ADC causes the voltage at which a 
code transition occurs to be dependent upon the direction 
from which the transition is approached. This is usually 
caused by hysteresis in the comparator inside an ADC. 
Excessive hysteresis may be reduced by design; however, 
some slight hysteresis is inevitable and may be objec¬ 
tionable in converters if hysteresis approaches % LSB. 

Linearity, or, more accurately, non-linearity specifica¬ 
tions describe the departure from a linear transfer curve 
for either an ADC or a DAC. Linearity error does not 
include quantizing, zero, or scale errors. Thus, a specifi- 
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cation of i’/j LSB linearity implies error in addition to 
the inherent ±’4 LSB quantizing or resolution error. In 
reference to figure 2, showing no errors other than 
quantizing error, a linearity error allows for one or more 
of the steps being greater or less than the ideal shown. 
Figure 6 shows a 3-bit DAC transfer curve with no more 
than i’/z LSB non-linearity, yet one step shown is of zero 
amplitude. This is within the specification, as the maxi¬ 
mum deviation from the ideal straight line is ±1 LSB 
(Vz LSB resolution error plus Vi LSB non-linearity). With 
any linearity error, there is a differential non-linearity 
(see below). A iVi LSB linearity spec guarantees 
monotonicity (see below) and < ±1 LSB differential non¬ 
linearity (see below). In the example of figure 6, the 
code transition from 100 to 101 is the worst possible 
non-linearity, being the transition from 1 LSB high at 
code 100 to 1 LSB low at 110. Any fractional non¬ 
linearity beyond t’/z LSB will allow for a non-monotonic 
transfer curve. Figure 7 shows a typical non-linear curve; 
non-linearity is I'A LSB yet the curve is smooth and 
monotonic. 



DIGITAL CODE 

FIGURES. i% LSB Non-Linearity (Implies 1 LSB Possible 
Error), 1 LSB Differential Non-Linearity (Implies 
Monotonicity) 



DIGITAL CODE 


FIGURE?. VA LSB Non-Linear, % LSB Differential Non- 
Linearity 


Linearity specs refer to either ADCs or to DACs, and do 
not include quantizing, gain, offset, or scale errors. 
Linearity errors are of prime importance along with 
differential linearity in either ADC or DAC specs, as all 
other errors (except quantizing, and temperature and 
long-term drifts) may be adjusted to zero. Linearity 
errors may be expressed in % FS or fractional LSB. 


Differential Non-Linearity indicates the difference be¬ 
tween actual analog voltage change and the ideal (1 LSB) 
voltage change at any code change of a DAC. For 
example, a DAC with a 1.5 LSB step at a code change 
would be said to exhibit Vz LSB differential, non¬ 
linearity (see figures 6 and 7). Differential non-linearity 
may be expressed in fractional bits or in % FS. 
Differential linearity specs are just as important as lin¬ 
earity specs because the apparent quality of a converter 
curve can be significantly affected by differential non¬ 
linearity even though the linearity spec is good. Figure 6 
shows a curve with a i’/z LSB linearity and ±1 LSB 
differential non-linearity while figure 7 shows a curve 
with +1% LSB linearity and ±Vi LSB differential non¬ 
linearity. In many user applications, the curve of figure 7 
would be preferred over that of figure 6 because the 
curve is smoother. The differential non-linearity spec 
describes the smoothness of a curve; therefore it is of 
great importance to the user. A gross example of differ¬ 
ential non-linearity is shown in figure 8 where the 
linearity spec is ±1 LSB and the differential linearity 
spec is ±2 LSB. The effect is to allow a transfer curve 
with grossly degraded resolution; the normal 8-step curve 
is reduced to 3 steps in figure 8. Similarly, a 16-step 
curve (4-bit converter) with only 2 LSB differential non¬ 
linearity could be reduced to 6 steps (a 2.6-bit conver¬ 
ter?). The real message is, "Beware of the specs." 
Do not ignore or omit differential linearity character¬ 
istics on .a converter unless the'linearity spec is tight 
enough to guarantee the desired differential linearity. As 
this characteristic is impractical to measure on a produc¬ 
tion basis, it is rarely, if ever, specified, and linearity is 
the primary specified parameter. Differential non-linear¬ 
ity can always be as much as twice the non-linearity, but 
no more. 



DIGITAL CODE 

FIGURE 8. ±1 LSB Linear, ±2 LSB Differential Non-Linear 


Nlonotonicity. A monotonic curve has no change in sign 
of the slope; thus ail incremental elements of a mono- 
tonically increasing curve will have positive or zero, but 
never negative slope. The converse is true for decreasing 
curves. The transfer curve of a monotonic DAC will 
contain steps of only positive or zero height, and no 
negative steps. Thus a smooth line connecting alt output 
voltage points will contain no peaks or dips. The transfer 
function of a monotonic ADC will provide no decreasing 
output code for increasing input voltage. 


Courtesy National Semiconductor Corp. 
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Figure 9 shows a non-monotonic DAC transfer curve. 
For the curve to be non-monotonic, the linearity error 
must exceed ±Vj LSB no matter by how little. The 
greater the linearity error, the more significant the 
negative step might be. A non-monotonic curve may not 
be a special disadvantage in some systems; however, it is 
a disaster in closed-loop servo systems of any type 
(including a DAC-controlled ADC). A ±14 LSB maximum 
linearity spec on an n-bit converter guarantees mono- 
tonicity to n bits. A converter exhibiting more than ±14 
LSB non-linearity may be monotonic, but is not 
necessarily monotonic. For example, a 12-bit DAC with 
±14 bit linearity to 10 bits (not ±14 LSB) will be mono¬ 
tonic at 10 bits but may or may not be monotonic at 12 
bits unless tested and guaranteed to be 12-bit monotonic. 
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(a) Full-Scale Step 
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FIGURE 9. Non-Monotomc (Must ba > ±% LSB Non-Linear) 


(b) 1 LSB Step 

FIGURE 10. DAC Slew and Settlins Time 


Settling Time is the elapsed time after a code transition 
for DAC output to reach, final value within specified 
limits, usually ±14 LSB. (See also Conversion Rate below.) 
Settling time is often listed along with a slew rate 
specification; if so, it may not include slew time. If no 
slew rate spec is included, the settling time spec must be 
expected to include slew time. Settling time is usually 
summed with slew time to obtain total elapsed time for 
the output to settle to final value. Figure 10 delineates 
that part of the total elapsed time which is considered to 
be slew and that part which is settling time. It is 
apparent from this figure that the total time is greater 
for a major than for a minor code change due to 
amplifier stew limitations, but settling time may also be 
different depending upon amplifier overload recovery 
characteristics. 

Slew Rate is an inherent limitation of the output 
amplifier in a DAC which limits the rate of change of 
output voltage after code transitions. Slew rate is usually 
anywhere from 0,2 to several hundred volts/ps. Delay'in 
reaching final value of DAC output voltage is the sum of 
slew time and settling time as shown in figure 10. 
Overshoot and Glitches occur whenever a code transition 
occurs in a DAC. There are two causes. The current 
output of a DAC contains switching glitches due to 
possible asynchronous switching of the bit currents 
(expected to be worst at half-scale transition when all 


bits are switched). These glitches are normally of 
extremely short duration but could be of 14 scale 
amplitude. The current switching glitches are generally 
somewhat attenuated at the voltage output of the DAC 
because the output amplifier is unable to slew at a very 
high rate; they are, however, partially coupled around 
the amplifier via the amplifier feedback network and 
seen at the output. The' output amplifier introduces 
overshoot and some non-critically damped ringing which 
may be minimized but not entirety eliminated except at 
the expense of slew rate and settling time. 

Temperature Coefficient of the various components of a 
DAC or ADC can produce or increase any of the several 
errors as the operating temperature varies. Zero scale 
offset error can change due to the TC of the amplifier 
and comparator input offset voltages and currents. Scale 
error can occur due to shifts in the reference, changes in 
ladder resistance or non-compensating RC product shifts 
in dual-slope ADCs, changes in beta or reference current 
in current switches, changes in amplifier bias current, or 
drift in amplifier gain-set resistors. Linearity and mono¬ 
tonicity of the DAC can be affected by differential 
temperature* drifts of the ladder resistors and switches. 
Overshoot, settling time, and slew rate can be affected 
by temperature due to internal change In amplifier gain 
and bandwidth. In short, every specification except 
resolution and quantizing error can be affected by 
temperature changes. 
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Long-Term Drift, due mainly to resistor and semicon¬ 
ductor aging can affect alt those characteristics which 
temperature change can affect. Characteristics most 
commonly affected are linearity, monotonicity, scale, 
and offset. Scale change due to reference aging is usually 
the most Important change. 

Supply Rejection relates to the ability of a DAC or ADC 
to maintain scale, offset, TC, slew rate, and linearity 
when the supply voltage is varied. The reference must, of 
course, remain constant unless considering a multiplying 
DAC. Most affected are current sources (affecting 
linearity and scale) and amplifiers or comparators 
(affecting offset and slew rate). Supply rejection is 
usually specified only as a % FS change at or near full 
scale at 25”C, 

Conversion Rate is the speed at which an ADC or DAC 
can make repetitive data conversions. It is affected by 
propagation delay in counting circuits, ladder switches 
and comparators: ladder RC and amplifier settling times; 
amplifier and comparator slew rates; and integrating time 
of dual-slope converters. Conversion rate is specified as a 
number of conversions per second, or conversion time is 
specified as a number of microseconds to complete one 
conversion (including the effects of settling time). Some¬ 
times, conversion rate is specified for less than full 
resolution, thus showing a misleading (high) rate. 

Clock Rate is the minimum or maximum pulse rate at 
which ADC counters may be driven. There is a fixed 
relationship between the minimum conversion rate and 
the clock rate depending upon the converter accuracy 
and type. All factors which affect conversion rate of an 
ADC limit the clock rate. 

input Impedance of an ADC describes the load placed 
on the analog source. 

Output Drive Capability describes the digital load driving 
capability of an ADC or the analog load driving capacity 
of a DAC; it is usually given as a current level or a voltage 
output into a given toad. 

CODES 

Several types of DAC input or ADC output codes are in 
common use. Each has its advantages depending upon 
the system interfacing the converter. Most codes are 
binary in form; each is described and compared below. 
Natural Binary (or simply Binary) is the usual 2'^ code 
with 2, 4, 8, 16,. . ., 2^^ progression. An input or output 
high or "1" is considered a signal, whereas a "0" is 
considered an absence of signal. This is a positive true 
binary signal. Zero scale is then all “zeros" while full 
scale is all "ones." 

Complementary Binary (or Inverted Binary) Is the 
negative true binary system. It is identical to the binary 
code except that ail binary bits are inverted. Thus, zero 
scale is all “ones" while full scale is all “zeros." 

Binary Coded Decimal (BCD) is the representation of 
decimal numbers in binary form. It is useful in ADC 
systems intended to drive decimal displays. Its advantage 
over decimal is that only 4 lines are needed to represent 
10 digits. The disadvantage of coding DACs or ADCs in 
BCD is that a full 4 bits could represent 16 digits while 
only 10 are represented in BCD. The full-scale resolution 
of a BCD coded system is less than that of a binary 


coded system. For example, a 12-bit BCD system has a 
resolution of only 1 part in 1000 compared to 1 part in 
4096 for a binary system. This represents a loss in 
resolution of over 4:1. 

Offset Binary is a natural binary code except that it -is 
offset (usually Va scale) in order to represent negative and 
positive values. Maximum negative scale is represented to 
be alt "zeros" while maximum positive scale is represented 
as all "ones." Zero scale (actually center scale) is then 
represented as a leading "one" and all remaining “zeros." 
The comparison with binary is shown in figure 11. 

Twos Complement Binary is an alternate and more 
widely used code to represent negative values. With this 
code, zero and positive values are represented as in 
natural binary while all negative values are represented 
in a twos complement form. That is, the twos comple¬ 
ment of a number represents a negative value so that 
interface to a computer or microprocessor is simplified. 
The twos complement Is formed by complementing each 
bit and then adding a 1; any overflow is neglected. The 
decimal number -8 is represented in twos complement 
as follows: start with binary code of decimal 8 (off 
scale for ± representation in 4 bits so not a valid code in 
the ± scale of 4 bits) which is 1000; complement it to 
0111; add 0001 to get 1000. The comparison with offset 
binary is shown in figure 11. Note that the offset binary 
representation of the ± scale differs from the twos 
complement representation only in that the MSB is 
complemented. The conversion from offset binary to 
twos complement only requires that the MSB be inverted. 



ANALOG SCALE 


ia) Zero to + Full-Scale 



(b) ± Full-Scale 


FIGURE t1. ADC Codes 
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Sign Plus Magnitude coding contains polarity information 
in the MSB (MSB = 1 indicates a negative sign); all 
other bits represent magnitude only. This code is com¬ 
pared to offset binary and twos complement in figure 11. 
Note that one code is used up in providing a double 
code for zero. Sign plus magnitude code is used in 
certain instrument and audio systems; its advantage is 
that only one bit need be changed for small scale changes 
in the vicinity of zero, and plus and minus scales are 
symmetrical. A DVM might be an example of its use. 

CONTROL 

Each ADC must accept and/or provide digital control 
signals telling it and/or the external system what to do 
and when to do it. Control signals should be compatible 
with one or more types of logic in common use. Control 
signal timing must be such that the converter or con¬ 
nected system will accept the signals. Common control 
signals are listed below. 

Start Conversion (SC) is a digital signal to an ADC which 
initiates a single conversion cycle. Typically, an SC signal 
must be present at the fall (or rise) of the clock waveform 
to initiate the cycle. A DAC needs no SC signal; however, 
such could be provided to gate digital inputs to a DAC. 
End of Conversion (EOC) is a digital signal from an ADC 
which informs the external system that the digital output 


data is valid. Typically, an EOC output can be connected 
to an SC input to cause the ADC to operate in continu¬ 
ous conversion mode. In non-continuous conversion 
systems, the SC signal is a command from the system to 
the ADC. A DAC does not supply an EOC signal. 
Clock signals are required or must be generated within 
an ADC to control counting or successive approximation 
registers. The clock controls the conversion speed within 
the limitations of the ADC. DACs do not require clock 
signals. 

CONCLUSION 

Once the user has a working knowledge of DAC or ADC 
characteristics and specifications, he should be able to 
select a converter to suit a specific system need. The 
likelihood of overspecification, and therefore an un¬ 
necessarily high cost, is likewise reduced. The user will 
also be aware that specific parameters, test conditions, 
test circuits, and even definitions may vary from 
manufacturer to manufacturer. For practical production 
reasons, parameters may not be tested in the same 
manner for all converter types, even those supplied by 
the same manufacturer. Using information in this note, 
the user should, however, be able to sort out and under¬ 
stand those specifications (from any manufacturer) 
pertinent to his needs. 
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Appendix B 


This appendix contains some data sheets for analog/di^tal con¬ 
verter products, digital panel meters, and data-acquisition systems. 
They are provided to give you a representative idea of what in¬ 
formation is contained in data sheets and to provide additional in¬ 
formation about some of the devices that have been used and 
mentioned in the text. 

Some of the data sheets have been abridged to keep the material 
as concise as possible and due to publication limitations. We suggest 
that you contact manufacturers directly for complete data sheets 
and catalogs of their products before you make a decision to pur¬ 
chase a particular device. 

The following data sheets have been provided: 

CMOS 10-Bit, Buffered Multiplying D/A Converter AD7522 
Courtesy of Analog Devices, Inc., Norwood, MA 02062 
8-Bit /itP-Compatible D-to-A Converter NE5018 

Courtesy of Signetics Corporation, Sunnyvale, CA 94086 
MP-10, MP-11 Microprocessor Analog Output Components 
Courtesy of Burr-Brown Research Corporation, Tucson, AZ 
85734 

3% Digit AC Line Powered DPM AD2009 

Courtesy of Analog Devices, Inc., Norwood, MA 02062 
World’s First Automatic Ranging Digital Panel Meter Model 
DM-2000AR 

Courtesy of Datel Systems, Inc,, Canton, MA 02021 
Real-Time Analog I/O Interface Model RTI-1200 
Courtesy of Analog Devices, Inc., Norwood, MA 02062 
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MP8600 Series, Burr-Brown Analog I/O Systems (for Intel Micro¬ 
computers) 

Courtesy of Burr-Brown Research Corporation, Tucson, AZ 
85734 

ADC0816/ADC0817 Single-Chip Data-Acquisition System 

Courtesy of National Semiconductor Corporation, Santa Clara, CA 
95051 

There are many other module manufacturers and we suggest that 
you consult the current engineering periodicals for advertisements 
and new product releases. The latest issue of Electronic Design’s 
Gold Book buyers’ guide listed over 80 manufacturers of analog/ 
digital converters from integrated circuits to complete systems. 
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ANALOG CMOS 

DEVICES 10-Bit, Buffered Multiplying D/A Converter 


AD7522 


FEATURES 

10*Bit Resolution 
8, 9, & 10-Bit Linearity 
Microprocessor CompatU^e 
Double Buffered Inputs 
Serial or Parallel Loading 
DTL/TTL/CMOS Direct Interface 
Nonlinearity Tempco: 2ppM of FSR/°C 
Gain Tempco: lOppM of FSR/°C 
Very Low Power. Dissipation 
Very Low Feedthrough 

GENERAL DESCRIPTION 

The AD7522 is a monolithic CMOS 10-bit multiplying D/A 
converter, with an input buffer and a holding register, allowing 
direct interface with microprocessors. Most applications re¬ 
quire the addition of only an operational amplifier and a 
reference voltage. 

The key to easy interface to a data bus is the AD7522’s ability 
to load the input buffer in two bytes (an 8-bit and a 2-bit byte), 
and subsequently move this data to a holding register, where 
the digital word is converted into an analog current or voltage 
(with external operational amplifier). The input loading of 
either 8 or 10 bits can be done in a parallel or serial mode. 

The AD7522 is packaged in a 28-pin DIP, and operates with 
a +15V main supply at 2mA max, and a logic supply of +SV 
for TTL interface, or +10 to +15V for CMOS interface. 

A thin film on high density CMOS process, using silicon 
nitride passivation, ensures high reliability and exoeUent 
stability. 


ORDERING INFORMATION 



PACKAGE IDENTIFICATION 

Suffix “D”t Ceramic DIP Package 
Suffix “N'’i Plastic DIP Package 

Information furnished by Analog Devices Is believed to be accurate 
and reliable. However, no responsibility is assumed by Analog Devices 
for its use; nor for any Infringements of patents or other rights of third 
parties which may result from Its use. No license is granted by implica¬ 
tion or otherwise under any patent or patent rights of Analog Oavtces. 



FUNCTIONAL DIAGRAM 



PIN CONFIGURATION 



Route 1 Industrial Park; P.O.Box 280; Norwood/Zlais. 02062 
Tel: 617/329-4700 TWX: 710/394W7 

West Coast Mid-West Texas 

213/595-1783 312/894-3300 214/231-5094 
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SPECIFICATIONS 


(VOO « +t5V, VCC = +SV. VREF = ±10V, TA » +25°C unless otheiwise noted! 




TA« 25“C 

OVER SPECIFIED 



PARAMETER^ 

VERSION 

TEMP. RANGE 

UNITS 

TEST CONDITIONS 


B2Q 

BS3 

BOB 

B22QB 

STATIC ACCURACY 


■ 






sci=“i'‘ 

Resolution 

All 




10 


Bits 



jjn^H 


■ 

±0.2 



% FSR 






±0.2 



%FSR 




■ 

■ 

±0.1 



%FSR 

-10V<VREF<+10V 





±0.1 



%FSR 




■ 

■ 

±0,05 



%FSR 






±0.05 

BBl 


%FSR 




B 

5 




ppm FSR/°C 




■1 

■ 




ppm FSR/“C 


Gain Error 

J.k.l 


EB 




% Reading 


Gain Error Tempeo^ 

J. K, L 






ppm of Reading/°C 



S, T, V 


■ 




ppm'of Rcading/°C 


Output Leakage Current 

AU 





200 

nA 

lOUTl: DBO through 0B9 = 0 

at lOUTl or IOUT2 








IOUT2: DBO ihrourfi DB9 = 1 

Power Supply Rejection 

. J.K.L 


H 




ppm of Readmg/% 


AC ACCURACY 


■ 

■ 

■1 





Feedthrou^ Error^ 

All 

■I 

m 




mV p-p 

VREF = 20V p-p; 10 kHz 

Output Current 

J.K.L 






ns 

To 0.05% of FSR for a FSR Step. 

Settling Tinte 


1 

1 

■ 

■ 

■ 


HBS and LBS Low to High 

LDAC = 1 

REFERENCE INPUT 


B 

■ 






Input Resistance 

All 

B 

■ 

20 



kn 


ANALOG OUTPUT 


■ 

■ 

■ 


HIB 



Output Capacitance 

J.k.'l 








COUTI 

B 

120 

H 



PF 

All Dau Inputs High 

CoUT2 

J,K.L 


40 




pF 

COUTI 

J.K.L 

B 

40 

■ 



pF 

All Data Inputs Low 

COUT2 

J.K.L 

■ 

mi 

■ 

I^B 

m 

pF 

DIGITAL INPUTS 


B 

■ 

■ 





Low State Threshold 

All 


■ 

HI 


0.8 

V 

VCC = +5V 


AU 

• 


1.5 


1.5 

V 

VCC-+15V 

High State Threshold 

All 

mm 



2.4 


V 

VCC = +5V 

AH_ 

KfU 



■m 


V 

VCG = +1SV 

Input Current 

hoedi 


1 






LDAC Pulse Width^ 

All 

EBB 



500 


ns 

LDAC: 0 to +3V j 

KBS. LBS Pulse Width^ 

All 

500 

■ 

BBl 

500 




Serial Clock Frequency^ 

All 


■ 






HBS. LBS Data Set Up^ 

All 

250 

■ 

■ 

250 

II 



Data Hold Time^ 

All 

ca 

ca 


500 





Notes 

' Spedficetions subject to change without notice. 

* Guaranteed by design. Not tested. 

’ Data setup time is the minbnuin amount of time required for OBO - DB9 to be stable prior to strobing MBS, LBS. 

" Data hold time is the minimum amount of time required for DBO • DB9 to be stable after strobing HBS, LBS. 
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SPECIFICATIONS (continued) 


parameter' 

— 

VERSION 

TA=+25°C 

OVER SPECIFIED 
TEMP. RANGE 

UNITS 

TEST CdNDITIONS 

1 

mu 


■SI 

MAX 



1 

1 

B 

■ 

■ 

mA 

mA 

In Quiescent State 


1 





ABSOLUTE MAXIMUM RATINGS 

VREF to GND .... ±25V 

VDDtoGND. +17V 

VCC to GND . .. .. +17V 

VCCtoVDD. +0.4V 

lOUTI, IOUT2 .. ±5 mA 

Operating Temperature 

JN, KN, LN versions ....O^C to +70‘’C 

JD, KD, LD versions...-25“Cto +85“c 

SD, TD, UD versions ..-SS^Cto +125°C 


Storage Temperature ..~65**Gto +150®C 

Power Dissipation (Package) 

Up to +50‘*C: 

Plastic (Suffix N). 1200 mW 

Ceramic (Suffix D). 1000 mW 

Derate Above +50‘*C by 

Plastic (Suffix N).12 mW/“C 

Ceramic (Suffix D>.10 mW/*C 

Digital Input Voltage Range .VDD to GND 


CAUTION: 

1. Do not apply voltages higher than VCC to SRO. 

2. Do not apply voltages higher than VDD or less than GND to any other input/output terminal except VREF, RFBl or 
RFB2. 

5. The digital control inputs are zencr protected, however permanent damage may occur on unconnected units under high 
energy electrostatic fields. Keep unused units in conductive foam at all times. 

4. VCC should never exceed VDD by more than 0.4V, especially during power ON or OFF sequencing. 


Terminology 


RESOLUTION 

Value of the LSB. For example, a unipolar n-bit converter 
has a resolution of (2“”) (VREF). A bipolar n-bit converter 
has a resolution of [VREF]. Resolution in no way 

implies linearity. 

NONLINEARITY 

Error contributed by deviation of the DAC transfer function 
from a, best straight line function. For a multiplying DAC, 
the nonlinearity should be independent of the sign or magni¬ 
tude of VREF. Nonlinearity is normally expressed as a 
percentage of full scale range (% TSR). 


GAIN 

The “gain” of a converter is ^at analog scale factor setting 
that establishes the nominal conversion relationship, e.g., 
lOV full scale. It is a linear error which can be externally 
adjusted. (See gain adjustment on page 6.) 


OUTPUT LEAKAGE CURRENT 

Current which appears on the OUTl terminal when the DAC 
register is loaded with all “O’s” or on the OUT2 terminal 
when the DAC register is loaded with all “I’s.” 

Courtesy Analog Devices, Inc. 
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Pin Function Description 


PIN 1 MNEMONIC 



+15V (nominal) Main Supply. 

R-2R Ladder Termination Resistor. 
Normally grounded for unipolar 
operation or terminated at iOUT2 
for bipolar operation. 

Reference Voltage Input. Since the 
AD7S22 is a multiplying DAC, 
VREF may vary over the range of 
±10V. 

Rieedback 2 -, gives full scale equal 
to VREF/2. 

Rfeedback, used for normal unity 
gain (at full scale) D/A conversion. 
DAC Current OUT^l Bus. Normally 
terminated at virtual ground of out- 
put amplifier. 

DAC Current OUT-2 Bus, terminated 
at ground for unipolar operation, or 
virtual ground of op amp for bipolar 
operation. 

Analog Ground. Back gate of DAC 
N-channel SPOT current steering 
switches. 

Serial Output. An auxiliary output 
for recovering data in the input 
buffer. 

Data Bit 9. Most significant parallel 
data input. 


Data Bit 0. Least significant paraJlci 
data input. 

8-Bit Short Cycle Control. When in 
serial mode, if SC8 is held to logic 
“0,” the two least significant input 
latches in the input buffer arc by¬ 
passed to provide proper serial _ 

loading of 8-bit serial words, if SC8 
is held to logic “1,” the AD7522 
wOl accept a lO-bit serial word. 
Dau bits O(LSB) and DBI are in a 
parallel load mode when SC8 = 0, 
and should be tied to a logic low 
state to prevent false data from 
being loaded. 


Serial/Parallel Control. If SPC is a 
logic “0,” the AD7S22 will load 
parallel data appearing on DBO 
through DB9 into the input buffer 
when the appropriate strobe inputs 
are exercised (see MBS and LBS). 

If SPC is a logic “I," the AD7522 
will toad serial data appearing on 
Pin 26 into the input buffers. Each 
serial dau bit must be “strobed” 
into the buffer with the MBS and 
LBS. 

Load DAC: When LDAC is a logic 
“0," the AD7522 is in the "hold” 
mode, and digital activity in the 
input buffer is locked out When 
LDAC is a logic "1,” the AD7522 
is in the “load” mode, and data in 
the input buffer loads the DAC 
register. 


Low Byte Strobe. When in “parallel 
load” mode (SPC « O), parallel data 
appearing on the DBO (LSB) through 
DB7 inputs will be “clocked" into the 
input buffer on the positive going edgi 
of the LBS. 

When in “serial load” mode (SPC = 

1), serial data bits appearing at the 
serial input terminal. Pin 26, will 
be “docked” into the input buffer 
on the positive going edge of HBS 
and LBS. (HBS and LBS must be 
clocked simultaneously when in 
“serial load” mode.) 

High Byte Strobe. When in “parallel 
load” mode (SPC = 0), parallel data 
appearing on the DB9 (MSB) and 
DBS data inputs will be “clocked” 
into the input buffer on the positive 
going edge of HBS. 

When in “serial load” mode (SPC = 

1), serial data bits appearing at the 
serial input terminal. Pin 26, will be 
“clocked” into the input buffer on 
the positive going edges of HBS and 
LBS. (HBS and LBS must be 
docked simultaneously when in 
“serial load” mode.) 
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Pin Function Description cont'd 


■1 

MNEMONIC 

DESCRIPTION 

28 

DGND 

Digital Ground. 


\mm 

MNEMONIC 

DESCRIPTION 

27 

vcc 

Logic Supply. If +5V is applied, all 
digital inputs/outputs are TTL com¬ 
patible. If +10V to + 15V is applied, 
digital inputs/outputs are CMOS 
compatible. 


Note 1: Logic "1” applied to a data bit steers that bit’s current to the 
lOUTl terminal. 


DAC Circuit Description 


GENERAL CIRCUIT INFORMATION 

The AD7522’s DAC funccionai block consists of a h^hly The simplified D/A circuit is shown in Figure 1. An in¬ 
stable Silicon Chromium thin film R-2R ladder, and ten verted R-2R ladder structure is used — that is, the binarily 

SPDT N*channel current steering switches. Most applica- weighted currents are snatched between the lOUTl and 

dons require the addition of only an output operational IOUT2 bus lines, thus maintaining a constant current in each 

amplifier and a voltage or current reference. ladder leg independent of the switch state. 




Figure 2, Equivalent Circuit 
(Shown for ail Digitaf Inputs High) 


EQUIVALENT CIRCUIT 

The DAC equivalent circuit is shown in Figure 2. The current 
source 1 LEAKAGE is composed of surface and junction leak¬ 
ages to the substrate, while the IreF^ 1024 current source 
represents the ILSB of current lost through the ladder termi¬ 
nation resistor to ground. The CoUTl COUT2 output 
capacitances are as shown when the DAC latches feed the 


DAC with all “I’s.” If the DAC latches are loaded with all 
"O's,” CoUTl is 37 pF, while CoUT2 is 120 pF. In addition, 
CgD is shunted by 10 ohms, and the 10 ohm RqN i" lOUTl 
is replaced by a Csjj of 10 pF. When fast amplifiers are used, 
it will be necessary to {provide phase compensation (in the 
form of feedback capacitance) to cancel the pole formed by 
^FEEDBACK ^”<1 CqUT if stability is to be maintained. 

Courtesy Analog Devices, Inc. 
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UNIPOLAR OPERATION 

Figure 3 shows the analog circuit connections required for 
unipolar operation. The input codc/output voltage relation¬ 
ship is shown in Table 1. 

Zero Offset Ai^ustment 

1. Adjust the op amp’s offset potentiometer for < 1 mV on 
the amplifier junction. (Each millivolt of amplifier Vq§ 
causes ±0.66 mV of differential nonlinearity which adds to 
the ladder nonlinearity.) 


TABLE 2 

BIPOLAR CODE TABLE 


DIGITAL INPUT 

ANALOG OUTPUT 

1111111111 

-VREF (1 - 2"^) 

1000000001 

-VREF (2*^) 

1000000000 

0 

0111111111 

VREF (2“^) 

0000000001 

VREF (1 - 2"^) 

0000000000 

VREF 


BIPOLAR OPERATION 

Figure 4 shows the analog circuit connections required for 

bipolar operation. The input code/output voltage reladon^ip 

is shown in Table 2. 

Zero Offset Adjustment 

1. Adjust the offset potentiometer of amplifier A1 and A2 for 
< 1 mV on the respective summing junctions. If the an^og 
out for code 1000000000 is not zero, sum current into or 
out of the summing junction of A1 for OV at analog out. 

Gain Adjustment 

1. Load the DAC register with all "O’s.” Sec R1 and R2 to 

0S2. 

2. If analog out is greater than +VREF, increase R2 until it 
reads precisely +VREF. If analog out is less than +VREF, 
increase R1 until it reads precisely VREF. 



Figure 3. Unipolar Binary Operation 
(2-Quadrant Multiplication) 

Gain Adjustment 

1. Set R1 and R2 to Ofl. Load the DAC register with all 
“I’s.” 

2. If analog out is ^eater than -VREF, increase R1 for 
required full scale output. If analog out is less chan -VREF, 
increase R2 for required full scale output. 


TABLE 1 

UNIPOLAR CODE TABLE 


DIGITAL INPUT 

ANALOG OUTPUT 

1111111111 

“VREF (1 - 2"*") 

1000000001 

-VREF (1/2 + 2~‘®) 

1000000000 

-VREF/2 

0111111111 

-VREF (1/2 - 2"^®) 

0000000001 

-VREF (2'^®) 

0000000000 

0 


F/pt/re 4. Bipolar Operation 
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SINGLE BYTE PARALLEL LOADING 
Figure 5 illustrates the logic connections for loading single byte 
parallel data into the input buffer. DBO should be grounded on 
“K” and “T" versions, and DBO and DBl should be grounded 
on “J” and “S” versions for monotonic operation of the DAC. 
DB9 is always the MSB, whether 8-bit, 9-bit, or 10-bit linear 
AD7522’s are used. 

When data is stable on the parallel inputs (DB0-DB9), it can be 
transferred into the input buffer on Ae positive edge of the 
strobe pulse. 

Data is transferred from the input buffer to the DAC register 
when LDAC is a logic “1.” LDAC is a level-actuated (versus 
edge-triggered) function, and must be held “high” at least 
0.5fis for data transfer to occur. 


VDO veC 

+1SV +BV TO *tSV 



Figure 5. Single Byte Par^iei Loading 


TWO BYTE PARALLEL LOADING 

Figures 6 and 7 show the logic connections and timing require¬ 
ments for interfacing the AD7522 to an 8-bit data bus for two 
byte loading of a 10-bit word. 

First, the least significant dau byte (DBO through DB7) is 
loaded into the input buffer on the positive edge of LBS. Sub¬ 
sequently, the data bus is used for status indication and 
instruedon fetching by the CPU. When the most significant 
data byte (DBS and DB9) is available on the bus, the input 
buffer is loaded on the positive edge of HBS. The DAC register 
updates to the new lO-bit word when LDAC is "high.” LDAC 
may be exercised coincident with, or at any time after HBS 
loads the second byte of data into the input buffet. 

SERIAL LOADING 

Figure 8 and Figure 9 show the connections and timing 
diagram for serial loading. 

To load a 10-bit word (SC8 = 1), HBS and LBS most be strobed 
simultaneously with exactly 10 positive edges to cl ock the 
serial data into the input buffer. For 8-bit words (SC8 = 0), only 
8 positive edges are required. 


The DAC register can now be loaded by holding LDAC “high.” 



Figure 6. Two Byte Paraliei Loading 



Figure?. TimingDiayam 


««VTO+1BW +15V 



Figure 8. Serial 8- and 10-Bit Loading 
(Analog Outputs Not Shown for Clarity) 
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Applications cont'd 


CtOCKIiyna.BjTMODE) 

LOAD DAC [10-BIT MODE) 


CLOCK IN [8-BIT MODE! _ 
LOAD OAC [8-BIT MODE! 


4 - 


SHI I MSB I 1 1 I I I I I I LSB 1 

I 234S6789 10 


UPDATE TIWE —-j 


Figure 9. Timing Diagram for Serial 8- and 10-Bit Loading 


APPLICATION HINTS 

1. CRl and CR2 on Figures 3 and 4 protect the AD7522 
against latch-up if VCC exceeds VDD, and may be omitted 
if VDD and VCC are driven from the same voltage. 

2. Diodes CR3 on Figure 3 and CR3 and CR4 on Figure 4 
clamp the amplifier junction to —300 mV if they attempt 
to swing negative during power up or power down. The in¬ 
put structures of some high-speed op amps can supply 
substantial current under the transient conditions en¬ 


countered during power sequencing. It is recommended 
that the PC layout be able to accommodate the diodes. 

3. Fast op amps will require phase compensation for stability 
due to the pole formed by CoUTl or CouT2 
^FEEDBACK- 

4. During serial loading, all data inputs (DBO through BD9), 
should be grounded. 


Mechanical Information 


BONDING DIAGRAM 



28 PIN CERAMIC DIP 28 PIN PLASTIC DIP 



1, Lead no. 1 identified by dot or notch. 

2. Dimensions in millimeters (inches). 
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ANALOG 

DEVICES 


31/2 Digit 
AC Line Powered DPM 


A02009 


FEATURES 
AC Line Powered 

Bright, Seven Segment Gas Discharge Display 

BCD Data Outputs Standard 

Hold and Trigger Control Signals 

Full Scale Ranges of ±1,999V or ±199.9mV 

Display Blanking Control 

Industry Standard Panel Cutout 

APPLICATIONS 

General Purpose DPM Applications Requiring AC Power and a 
High Visibility Display 

Data Logging and Digital Feedback Control Systems 


GENERAL DESCRIPTION 

The AD2009 is a low cost 3V4 digit, AC line powered DPM de¬ 
signed for general purpose DPM applications. The AD2009 
measures bipolar input voltages over full scale ranges of cither 
±1.999V or ±199.9mV, with an accuracy of ±0.1% reading ±1 
digit and displays the readings on large, bright 0.55 " (14mm) 
Beckman gas discharge displays. 

LARGE, BRIGHT DISPLAY 

For display only applications, the Beckman display offers ex¬ 
cellent appearance and visibility. The AD2009 display is easily 
read up to 5 0 feet (15 m) away and over all ambient lighting 
conditions. The non-glare lens allows a choice of either red or 
amber display colors, and is easily silk-screened with company 
logo or measurement units. External control of decimal points 
and display blanking is provided. 

SIMPLE DATA INTERFACING 

Since the AD2009 is designed around TTL logic circuits, paral¬ 
lel BCD data, TTL/DTL compatible, is a standard feature, 
allowing easy interfacing to a variety of data peripherals, such 
as digital comparators and line printers. Under internal con¬ 
trol, the AD2009 converts at a nominal rate of six conversions 
per second. Using the Hold and Trigger controls, up to 100 
conversions per second can be externally triggered. 

INDUSTRY STANDARD CASE DESIGN 
In response to industry’s urgent need for DPM standardization, 
Analog Devices has adopted the most popular AC powered DPM 
panel cutout size for the AD2009 and all future AC line pow¬ 
ered DPM’s. Since this 3.924" x 1.682" (99.67 x 42.72mm) 
panel cutout is used by so many AC powered panel meters, the 
potential DPM customers can be assured that second-sources 


Information furnished by Analog Devices is believed to be accurate 
and reliable. However, no responsibility is assumed by Analog Devices 
for its use; nor for any infrir^ments of patents or other rights of third 
parties which may result from its use. No license is granted by implica¬ 
tion or otherwise under any patent or patent rights of Analog Devices. 



will be available and future new products will be usable without 
mechanical changes to their instruments or systems. 


DESIGNED AND BUILT FOR RELIABILITY 
Design and manufacturing techniques are chosen to insure reli¬ 
ability in the AD2009. Conservative design techniques and 
thorough component evaluation are only the beginning. Manu¬ 
facturing processes arc monitored by continuous quality assur¬ 
ance inspections to insure proper workmanship and testing. 
Like every other Analog Devices’ DPM, each AD2009 is fully 
tested for electrical specifications, calibrated, and given one 
full week of failure free burn-in before shipment. 

THEORY OF OPERATION 

The AD2009 uses a dual slope conversion technique with an 
absolute value voltage to current converter input. The entire 
conversion cycle takes less than 10 milliseconds, allowing a 
complete conversion to be done during the negative half cycle 
of the AC line, and the resulting reading is displayed during 
the positive half cycle of the AC line. This scheme not only 
insures a flicker free display, but also allows externally trig¬ 
gered conversions at rates up to 100/second for data inter¬ 
facing applications. In order to insure a bright display even 
during operation at low line voltages and to help insure the 
reliability of the Beckman displays, a separate power supply is 
provided to continually illuminate two “keep-alives” in the 
Bedtman display. 


Route 1 Industrial Park; P.O. Box 280; Norwood, Mass. 02062 
Tel: 617/3294700 TWX: 710/394-6577 

West Coast Mid-West Texas 

213/595-1783 312/894-3300 214/231-5094 
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SPECIFICATIONS 


(typical @ +25°C and nominal line voltage) 


DISPLAY OUTPUT 

• Beckman Seven Segment Gas Dischaige Display, 055 " 
High <14mm) for Three Data Digits, 100% Overrange and 
Negative Polarity Indication. Overload indicated by 
blanking the three data digits and displaying the "1” 
overrange. The polarity remains valid. 

• Decimal Points Selectable at Input. 

• Display Blanking 

ANALOG INPUT 

• Configuration: Bipolar, Single Ended 

• Full Scale Range: ±1.999V or ±199,9mV (see S option) 

• Automatic Polarity 

• Itiput Impedance: 100M£2DC 

• Bias Current, Both Ranges: 3nA @ 2V FS, 20nA @ 
200mV FS 

• Overvoltage Protection, Both Ranges: 200VDC Sustained 

ACCURACY 

• ±0.1%±1 Digit^ 

• Resolution: ImV or lOOpiV (S option) 

• Temperature Range^ : 0 to +50“C Operating 

-25 “^C to +85 ^C Storage 

• Temperature Coefficient: 

Gain (both ranges) — ±60ppm/°C 

Zero Offset (2V Input) - ±30 mV/'’c 
( 20OmV Input) - tlOjuV/^C 

• Warm-Up Time to Rated Accuracy: 15 minutes 

• Settling Time to Rated Accuracy: 0.3 sec 

NORMAL MODE REJECTION 

• 18dB@60Hz 

COMMON MODE REJECTION (IkH source imbalance @ 50- 

60Hz, with standard shielded transformer) 

• 2V Input - lOOdB 

• 200mV Input — 80dB 

COMMON MODE VOLTAGE 

• ±300VDC (600VAC p/p) (floated on power supply 
transformer when BCD outputs and control signals are 
not used) 

CONVERSION TIME 

• 10msec 

CONVERSION RATE 

• Internal Tri^er: 6 conversions per second 

• External Trigger: 0-100 conversions per second 

DIGITAL CONTROL SIGNALS 

• DTL/TTL Compatible 

In Out 

Logic “0” <0BV <0.4V 
>2.0V >2.4V 

CONTROL INPUTS^ 

• Display Blank (ITTL Load). Logic “0” or grounding 
blanks the entire display, not including the decimal 
points. Logic “1 ” or open circuit for normal operation. 
Display blanking has no effect on output data and the 
display reading is valid immediately upon removal of a 
blanking signal. 

• Hold (ITTL Load). Logic “0” or grounding disai)les 
either the external or internal trigger and the last con¬ 
version is held and displayed. 

• External Trigger (ITTL Load). Positive pulse (SOOjUsec 
max width) will initiate conversion. 


• £)ecimal Points (Not TTL Compatible). Grounding will 
illuminate the desired decimal point. External drive cir¬ 
cuitry must be capable of withstanding lOOV when the 
decimal points are turned off. 

DATA OUTPUTS^ 

• 3BCD Digits (Drives 6TrL Loads). Positive true, unlatched 

• Overrange (Drives 6TTL Loads). Unlatched, Logic “0” 
indicates overrange (>1000). 

• Overload (Drives 6TTL Loads). Unlatched, Logic “0” 
indicates overload (>2000). 

• Polarity (Drives 6TTL Loads). Latched, Logic “1 ” in¬ 
dicates positive polarity. 

• Status (Drives lOTTL Loads). All digital outputs are valid 
when status is at Logic “0”. Logic "1” indicates conver¬ 
sion is in progress. 

• Internal Trigger Output (Not TTL Compatible). When 
connected to External Trigger Input will cause the 
AD2009 to convert at 6 conversions per second. This 
output can.only be used for triggering the AD2009. 

POWER INPUT 

• AC line, 50-60Hz, 4.2 Watts at 60Hz;4.7 Watts at SOHz 
(at nominal line voltages). 

CALIBRATION ADJUSTMENTS 

• Gain 

• Zero • 

• Recommended recalibration interval — 6 months 

SIZE 

• 4.l8"Wx 1.93 "Hx4.15''l (106x49 X 112mm) 

• 4.77”L (121mm) to rear of card edge connector 

• Pane! cutout required: 1.682 x 3.924” (42.72 x 99.67mm) 

WEIGHT 

• 15 ounces (425 grams) 

OPTIONS'^ - ORDERING GUIDE 

• AC Power Inputs (SOhSOHz) 

AD2009 - 11 TV AC 

AD2009/E - 220VAC 
AD2009/F - lOOVAC 
AD2009/H - 240VAC 

• 

AD2009 - 1.999VDC Full Scale 

AD2009/S - 199.9mVDC Full Scale 

• 

Lens 7 — Red with ADI Logo 

Lens 8 — Red without ADI Logo 

Lens 13 — Amber with ADI Logo 
Lens 14 — Amber without ADI Logo 

CONNECTOR 

• 30 Pin, 0.156” Spacing Card Edge Connector, Amphenol 
225 -215 24-601 (117) or Equivalent 


* Guaranteed @ +25“C. 

'Guaranteed. 

' Not to be used when die AD2009 is floadng on common mode voltages. 
*OnIy one input range and AC power input may be specified. 

' Lens 7 is supplied if no lens option is specified. 

Specifications subject to change without notice. 
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INTERFACING THE AD2009 


The AD2009 has a single ended input with common analog and 
digital grounds. When digital control lines and BCD data out¬ 
puts are not used, the entire DPM can be floated on the power 
supply transformer at up to 300VDC common mode voltages. 

If these signals are used, care should be taken to insure against 
ground loops within the system causing erratic and/or errone¬ 
ous readings. 


Grounding the proper pin will illuminate the desired decimal 
point. If external logic drives are used to control the decimal 
points, drive circuitry must be able to withstand lOOV when 
the decimal points are. turned off. 

Display Blanking 

The entire display (excluding decimal points) may be blanked 
by applying logic “0” or grounding the proper control input 
{pin 13). Blanking the display has no effect on the output data 
or the conversion process. The data remains valid during 
blanking and the DPM reading is correct immediately upon re¬ 
moval of the blanking signal. 

Interfacing Digital Data OutpuK 

The digital data outputs of the AD2009 are unlatched, positive 
true, parallel BCD, at DTL/TTL logic levels. As shown in the 
timing diagram (Figure 1), all data outputs arc valid when the 
STATUS line is low. The STATUS line is high durii^ conver¬ 
sion when erroneous data will be present on the outputs. 

TRIGGERING CONVERSIONS 

The AD2009 may be triggered internally at six conversions per 
second, or externally at rates of up to 100 conversions per 
second. For internal triggering, the Internal Trigger Output 
(Pin 1) should be connected to the Trigger Input (Pin B). For 
external triggering, a positive trigger pulse (<500jus width) 
should be applied to the Trigger Input (Pin B). Whether in¬ 


Figure 1. AD2009 Timing Diagram 


ternal or external triggering is used, the last reading can be 
held and displayed by grounding or applying logic “0” to the 
Hold Input. At high conversion rates, the display may flicker 
unless synchronized to the AC line input, but data outputs 
will remain valid. 

CALIBRATION PROCEDURE 

"WARNING: For the safety of personnel and interconnected 
equipment, all calibration should be done using a plastic trim¬ 
ming tool only. ** 

A precision voltage reference is needed for calibration of the 
AD2009. The location of calibration potentiometers is shown 
in Figure 2. Before calibrating the AD2009, allow the unit to 
w'armup to normal operating temperature. Always adjust the 
zero offset first then the gain. 

Zero adjustment: Short the signal input (Pin 2) to the signal 
ground (Pin 10) and adjust the zero ac^ustment pot until the 
meter reads 000. 

Gain adjustment: Apply an input of +1.9o6v (+190.0mV on 
AD2009/S) and adjust the gain pot until the meter reads 
1900 exactly. 



Figure 2. A D2009 Mechanical Outline 
(Dimensions shown in inches and (mm)) 
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F^re 3. AD2009 Mounting instructions 
(Dimensions shown in inches and (mm)) 


PIN REF 

PIN FUNCTION 

1 

INTERNAL TRIGGER OUT' 

2 

SIGNAL INPUT 

3 

STATUS (PRINT) 

4 

POLARITY 

5 

BCD 8 

6 

BCD 2 

7 

BCD 80 

8 

BCD 20 

9 

BCD 800 

10 

SIGNAL GROUND 

11 

BCD 400 

12 

BCD 200 

13 

DISPLAY BLANK 

14 

OVERRANGE 

15 

AC LINE HI 


' Pin 1 and Pin B must be connected for operation with ii 


PIN REF 

PIN FUNCTION 

A 

NO CONNECTION 

B 

EXTERNAL TRIGGER IN' 

C 

OVERLOAD 

D 

HOLD 

E 

BCD1 

F 

BCD 4 

H 

BCD 10 

J 

BCD 40 

K 

BCD 100 

L 

DP3/XX.X 

M 

DP2/X.XX 

N 

DIGITAL GROUND 

P 

DP1/.XXX 

R 

SHIELD (EARTH GROUND) 

S 

AC LINE LO 


trigger. 


Figure 4. AD2009 Signal and Pin Designations 
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DESCRIPTION 

The Date! OM-2000AR is the first digital panel 
meter to feature automatic ranging over three 
full scale input ranges. It measures readings 
from 20 volts down to 100 microvolts without 
external scaling and increases the dynamic 
range of the instrument to 103 db over con¬ 
ventional DPM's. The unique autoranging cir¬ 
cuitry operates by first sampling an input on 
the most sensitive range (±199.9mVJ. If an 
overange condition is indicated, the circuitry is 
automaticaily switched to the next higher range 
and recycled, and again to the highest range if 
the second is exceeded. The worst case con¬ 
version time is 33 milliseconds (30 conversions 
per second) if the highest range is selected and 
somewhat faster on the lower ranges. 

The automatic ranging feature, with three full 
scale input voltage ranges of sl9.99 volts, 
±1.999 volts and ±t99.9mV offers the user a 
number of advantages. The cost savings over the 
parts, installation and test of a front panel 
range switch alone would justify the use of 
DM-2000AR. Another advantage is the savings 
in operator time and the associated errors in¬ 
curred with the use bf a range switch. Also, the 
versatility of a 20 volt to 100 microvolt dy¬ 
namic range cannot be discounted in bench 
testing situations. 

The DM-2000AR has a single ended input with 
an input impedance of 1 Megohm and over¬ 
voltage protection to ±100 volts. Accuracy is 
t.1% of full scale, ±1 count with a maximum 
conversion time of 33 milliseconds. The 
temperature coefficient of the OM-2000AR is 
±100 PPM/" C. 

The display of the DM-2000AR is a 3-1/2 digit, 
seven-segment LEO display with automatic 
polarity indication and automatic overflow 
indication. A digital input allows for the testing 
of all readout segments by displaying "+1888". 
All segments are viewed through a red filter 
which sharpens contrast and eliminates internal 
reflections. 

All displayed information is available at the I/O 
connector in BCD form. Digital inputs and 
outputs also allow for start-stop control and 
external clocking, Also, the automatic ranging 
can be overriden for external (manual) control. 
In addition, an optical isolation option is avail¬ 
able which decouples the analog input section 
from the digital logic so that ground dis¬ 
turbances caused by the fast-switching digital 
circuits will not affect the analog input. 

The DM.2000AR is packaged in a rugged 3’'W x 
1-3/4"H X 2-1/4"0 LEXAN case with a total 
weight of less than 6 oj. Construction is en¬ 
tirely modular with snap-apart PC boards. The 
unit cart easily be panel mounted with access to 
calibration controls obtained by snapping off 
the front bezel. The entire unit can be removed 
from itt mounting panel and disessembled with 
just a screw driver in less than one minute. 
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ANALOG INPUT 

Note: Display reads 

(single ended) 

in volts on high 

Full Scale Input Rengac 

ran(^, millivolts on 

(eutomatic ranging). 

^19.99V low range. 


±1.999V 


i:199.9mV 

Input Bias Current .. 

2nA (all ranges) 
fnOOV max. 



Input Impedance. 

1 MEGOHM (Note 5) 

Additional vecificatlons (available only with optical 

Isolation option): 


Input Configuration. 

Single ended Bipolar Floating 

Common Mode Voltage . , . . 

tIOOVcMmex. 


to digital output common 

Common Mode Rejection . . . 

70dBe60Hz 

performance 


Accuracy. 

±.1% of F.S. ±1 count (6) 

Resolution . 

±1 count (±100pvoltt) 

Temperature Coaff idant of 


Full Scale. 

±100 PPM/*C 

Zero Drift (referred to the 


input). 

30pV/*C 


{199.9mV and 1.999V 


range) 


160pV/"C 


(19.99V range) 

Conversion Time ........ 

33 msec max (see timing 


diagram) 

Input Settling Time . 

1 m sac for F.S. change 

Operating Temparetura 


Range... 

0*C to +50®C 

Storage Tempereture 


Range . 

-20°C to +85“C 

Werm-upTinM . 

15 min to specified accuracy 

Input Power (Sea Note 4) . . . 

+5 ±.25VDC at 800mA (max), <5t)mV 


spikes 

DISPLAY OUTPUT 


Oisidey Type . 

red LED seven segment 0.3" high 

Data . 

3-1 /2 digits (1999 max count) 

Polaiftv . 

lautomatkally displayed 

Decimal Point .. . 


Overflow ... 

"OF" automaticaily 


displayed 

DIGITAL OUTPUTS 


BCD OLSD's) Data Outpute. . 

3 digits (8421) 12 lines positive 

(pint B5 thru B16) 

true 

Loading; 2 TTL loads (2) 


Except 8(X} output: 1 TTL load 

1/2 Digit (MSD) Data Output . 

1/2 digit-1 line-positive true 

(pin A1&) 

Loading; 2 TTL loads (2) 

Polarity .. 

1 line, "1" = positive. 

(pin A16) 

"0" = negative 


Loading: 2 TTL loads 

Ovarioed Scale Out. 

1 line. HIGH-input signal 

(pin A9) 

within range 


LOW - input signal 

Note; Negative True 

outside range 


Loading: 2 TTL loads 

Daeimel Point Outputs. 

3 lines, negative true 


Range 19.99V @ Pin 6 

Note: Negative True, 

Range 1.999V @ Pin 5 

Decimal points are 

Range 199.9mV ® Pin 7 

controlled by auto¬ 

Loading: 1 TTL load (2) 

ranging logic. 



End ^ Colwtrsion.. 1 line, HIGH-during the 

(pin A8, Busy! conversion period 

(display blanked) 

LOW - conversion complete 
Loading: 2 TTL loads (2) 

Internal Start Output . 1 line, positive true pulse 

(pin A12} Loading: 1 TTL load (2) 

DIG ITAL I NPUTS (Dynamic inputs should have TTL rise times) 


Ranging Mode Control . . . 
(pinA4| 

External Ranging Control , 
(pins Bt7 and A17) 
Shown with pin 
A4atHI. 

A17& BIT are disabled 
if A4 is LO. 

External Start Convert 

Command.. . . 

(Pin A13I 

Start Trigger Ciock, 
may be supplied 
from int. start, A12 


Intanwl Start Gate . 
(Pin A10) 


Internal Start Adjust . 
(Pin All) 


, . 1 line, “1" - external ranging, 

"0" = autoniatic ranging 
Loading: 3 TTL loads (1) 

2 lines - Loading: 1 TTL load (1) 
Range Pin A17 Pin B17 

! t9.99V "0" "t" 

1.g99V "1" "(T* 

199.9raV "0" "O'* 

"11" Range code lights 2 D.P. 

Don't use. 

.. 1 llne-min pulse width-100 nsec 

"0" to "1" (J") resets output 
register and blanks display, "1" 
to "0" (T.) initiates conversion 
process. 

Loading: t TTL load (1) 

. . 1 line, gates internal clock 

"1" •• run, "0" “ stop 
Loading: 1 TTL load (1) 

. . Controls rate of Internal Start 
Clock 

(see application section) 

1 line, negative true, displays 
+1888 to test all display segments 
Loading: sink 3SmA. 

2samples/tecond and is externatly adjustabi 

Zero, balance, full scale, 

VGA zero, 2V cal and 0.2V cal 
trimpots accessible behind 
snap-on front bezel 

il (Normal conditions) 90 days 


Case Size.. 3"W x 1.75"H x 2.26"D 

Cese Metarisl.. Black polycarbonate plastic 

Weight. 6 oz. approx. 

Mounting.. Panel mounted through a 1.812" x 

3.062" cutout with four 4-40 
screws. 

Connector. Dual 18-pin, PC Edgeboard Type, 

(not indudad with DPM, 0.1" centers (Viking fSVHI8/IJN-5 

add to order) or equal) with key between 

pins 4 and B 


Lamp Test . . 
(PinA14) 


NOTE: Internal start dock is 


NOTES: 

(1) Low("0'')^ + 0'8V) . 

High ("1") S +2.0Vf 

(2) Low ("0") ^ + 0.4V) outouts 
High ("1"j^ + 2.4Vf 0“^““ 

(3) Module is fully r^airable and 
features snap together PC 
Boards 

(4) Avoid logic spikes entering DPM 
on the +5V power input. Use 
external filtaring if required. 


Recommended power supply is 
a Datel UPM-5/1000B or equiv¬ 
alent highly regulated type. 
Power current is 400 to 8(X)mA 
max depending on digits dis¬ 
played and sample rate 
(5) 1 Megohm input resistor is in 
series with input.summing junc 
tion. Accuracy specification wil 
degrade with significant extern: 
source impedance (> 1 Kn) 


GROUND A4 FOR AUTORANGING. JUMPER A12/A13 FOR INTERNAL START CLOCK 
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DM-2000AR DPM TIMING DIAGRAM 

AUTORANGING MODE (PIN A4 GROUNDED) 
19.0 VOLTS ANALOG INPUT 


1. TIMING 1$ NOT TO SCALE 

2. TIMING IS TYPICAL EXCEPT WHERE IN- 
OICATEO MIN OR MAX 

3. EOC WILL FALL 4.5 TO 33mS«TYP AFTER 
START CONVERT DEPENDING ON ANALOG 
INPUT LEVEL 

4. DUTY CYCLE OF DISPLAY BLANKING 
DURING EOC HIGH VARIES WITH SAMPLE 
RATE AND INPUT RANGE. MAY CAUSE 
DISPLAY FLICKER IN SOME APPLICATIONS. 
IF AN EXTERNAL START TRIGGER CLOCK 
IS USED, KEEP DUTY CYCLE LOW TO 
AVOID DISPLAY BLANKING AND FLICKER. 


COMPLETE MODULAR CONSTRUCTION 

Total modular construction is another plus for the 
DM-2000AR. 

Servicing is simple and straightforward. 

The unit can be removed throu^ the front panel without 
opening the users' instrument. Once the snap-on front bezel 
and four mounting screws are removed, the meter slides out 
of its Lexan case. The procedure is uncomplicated and 
takes less than one minute. Once removed, modular service 
is possible due to the five plug-in interconnected PC boards 
- no wiring or soldering is raquired. 

Troubleshooting is accomplished through board substitu¬ 
tion and servicing can be completed within five minutes. 

A full complement of replacement boards are readily 
available from Datel's Service Department. 



ALPHA NUMERIC INDICATION 
OF OVERFLOW 

When the voltage input exceeds full scale by a minimum of 
one least significant digit, the characters "OF" are dis¬ 
played. All data digits are blanked. An examine of this 
would be when full scale is +19.99V, then +20.00V would 
be the smaller possible overload. 


BUILT IN DISPLAY TEST FOR PERIODIC TESTING 

Testing for faulty display segments can be achieved in a 
matter of moments guarding against erroneous readings. 
Grounding pin 14 at the rear connector will display -i-ISSS 
to test all possible segment combinations. 
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OPTICALLY ISOLATED INPUT 

Hie OM-2000AR autoranging Digital P^nel Meter normally uses a single- 
ended input with 1 megohm impedance to the input amplifier summing 
junction. A common bus, (pins A1, A2, 82, 84 and A18) reference analog 
input ground, digital output ground and -i-SV power common. 

The DM-2000AR-2 version includes optoisolators and a DC/DC converter to 
give transformer isolation of the analog input up to ±100 Volts to power 
common. However, the digital outputs are still referenced to the power 
common/logic ground bus. Differential input impedance of the optoisolated 
DM-2000AR-2 is 1 megohm. 

The DM-2000AR-2 isolated DPM reduces false readings in common mode 
voltage applications. 


CALIBRATION PROCEDURE 



1. C.!lect manual mode (tie A4 to +5V) and the 20V range. 
Adjust the "balance" pot to obtain a flickering ± sign on 
the display. 

2. Select the 0.2V range, and adjust the "V.G.A. zero" pot 
to obtain a flickering sign. 

3. Repeat steps 1 and 2 until a flickering sign is obtained on 
both the 0.2V and 20V ranges (takes 2-3 adjustments). 

4. On the 0.2V range, apply an input of ±300jiV (be care¬ 
ful of noise on such a small input). Adjust the "zero" 
pot to obtain a reading of ±003 ±1 digit. 

6. Select auto mode (ground A4) and apply input of 
±18.00V from a precision voltage reference source. 

! Adjust "full scale" to obtain correct reading, 
i 6. Apply input of +1.800V. Adjust "2VCAL'' to obtain 
[ correct reading. _ _ 


7. Apply input of -t.lSOOV, Adjust "0.2VCAL" to obtain 
correct reading. 

This completes calibration. Small drifts in the zero can be 
adjusted with the "V.G.A. zero" pot only which will not 
require selection of manual mode. 


0 0 0 


0 0 0 


View behind 
front Beial 
and Fitter 


DON'T FLOAT A4. GROUND A4 FOR AUTORANGING. JUMPER A12/A13 FOR INT. START CLOCK 



ORDERING INFORMATION 
Model OM-2000AR_. 


Add ~2 suffix for 
optoisolated inpuu 


OIV1-200OAR (no optoisolation, 
less connectors) 

DM-2000AR-2 (with optoisolation, 
less connectors) 

Covered by GSA Contract No. GS-OOS-27959 


Connectors (not included with DPM, Be sure to 
add to your DPM order) 

Solder Tab, Datel ?*2335-l (Viking 3VH18/1JN-5) 
Wire Wrap, Datel #2335-2 (Viking 3VH18/1JHD-5) 
Suggested AC power supply: 

UPM-5/1000 B 5V, 1A, 115VAC input 
UPM-5/T000 BE 5V, 1 A. 230VAC input 
Power supply Socket, MS-7 


Printed in U.SA Coovright ® T977 Datel Systems irtc. All rights resor 


I iJJ SYSTEMS, INC. turnpike street, canton, mass. 02021 / tel. (617) 828 - 8 OOO / TWX: 710-348-0135 / TELEX: 924461 

(408) 733-2424 
(213) 933-7256 

PRICES AND SPECIFICATIONS SUBJECT TO CHANGE WITHOUT NOTICE (301)840-9490 3/77 BULLETIN MARGJ107( 


Courtesy Datel Systems, In 
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ANALOG 

DEVICES 


Real-Time 
Analog I/O interface 


MODEL RTI-1200 


FEATURES 

Complete Analog I/O Subsystem 
Intel SBC-80/10 Compatible 
Memory Mapped I/O Interface 
Data Acquisition: 

Up to 32 Input Channels 
Sample and Hold Amplifier 
Programmable Gain Amplifier 
12 Bit A/D Converter 
Input Fault Protection 
Real-Time Pacer Clock System 
On-Board PROM Socket 
Two Optional 12 Bit DAC's 
Optional 4-20mA Current Outputs 
Optional Single +6V Power 



GENERAL DESCRIPTION 

The RTI-1200 is a complete analog input/output subsystem 
that greatly simplifies the task of interfacing analog signals to 
an Intel SBC-80/10 Single Board Computer, or other 8080- 
based microcomputers. It is functionally, electrically, and 
mechanically compatible with the SBC-80/10, and all connec¬ 
tions to it arc made simply by plugging the RTI-1200 into a 
slot in a card cage that also contains an SBC-80/10. The RTl- 
1200 can also be readily interfaced to otfier 8080-based micro¬ 
computers whose address, data, and control busses are accessible. 
The RTI-1200 is interfaced to an SBC-80/10 or other 8080 
based microcomputer as a block of contiguous memory loca¬ 
tions. It combines on a single printed circuit card many features 
and capabilities which reduce the hardware required to inter¬ 
face analog signals to a microcomputer, and significantly ease 
the programming effort associated with inputting and output¬ 
ting analog signals. 

DATA ACQUISITION 

The RTI-1200’s most basic function is data acquisition. This is 
accomplished with an analog input multiplexer, a program¬ 
mable gain amplifier, a sample-and-hold amplifier, and a 12 
bit A/D converter. These components are shown in the block 
diagram (Figure 1). The standard RTI-1200 offers either 16 
single ended or 8 differential input channels (user selected). An 
optional multiplexer expander allows for up to 32 single ended 
or 16 differential input channels. All of the analog inputs are 
fully protected up to ±28 volts, and additional protection 
against larger, potentially destructive overloads is afforded by 
fusing resistors located at the inputs. 


The RTM200 can be configured by the user to accept 0 to 
+10V, ±5V, or ±10V full scale input signals. A programmable 
gain amplifier preceding the A/D converter has software selec¬ 
table gains of 1, 2, 4 and 8. This expands the dynamic range 
of the A/D converter to 15 bits, and results in greater input 
sensitivity. For example, when operating on the 0 to -tlOV in¬ 
put range with a programmable gain amplifier gain of 8, the 
actual input range is 0 to +1.25V. The programmable gain 
amplifier allows the user to program different gains for differ¬ 
ent input channels, or to have different gains for varying input 
levels on the same channel. It is even possible to write‘software 
to implement automatic gain ranging operation. 

Eight of the input channels have provisions for resistors pro¬ 
vided by the user that allow the inputs to accept 4—20mA cur¬ 
rent loop signals. Output data from the A/D converter is in 
natural binary code for unipolar input ranges, and at the user’s 
option can be either offset binary of two’s complement coding 
when using bipolar input ranges. A special feature of the RTI- 
1200’s data acquisition operation is that the controlling micro¬ 
computer’s CPU (i.e., the 8080) is not tied up while a conver¬ 
sion is taking place. This significandy enhances system through¬ 
put capability, as the CPU is free to pursue other tadks while 
an A/D conversion is in progress. 


Information furnished by Analog Devices is believed to be accurate 
and' reliable. However, no responsibility is assumed by Analog Devices 
for its use; nor for any infringements of patents or other rights of third 
parties which may result from its use. No license is granted by implica¬ 
tion or otherwise under any patent or patent rights of Analog Devices. 


Route 1 Industrial Park; P.O. Box 280; Norwood, Mass. 02062 
Tel: 617/329-4700 TWX: 710/394-6577 

West Coast Mid-West . Texas 

213/595-1783 312/894-3300 214/231-5094 
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(typical @ 'i'25°C and with +5V and ±t5V, unless otherwise noted) 


DATA ACQUISITION 
Number of Analog Inputs 

StMdard 16 Sii«le-Emlcd or 8 Oiff. 

With Mukipkxer Expander ' 32 Single-Ended or Id Diff. 

Mulriplexer Switching Characteri«ics Brcali-B«rote-Makc. All Switches Open 


Input Voltigc Rapges* 
Programmable Gains* 

Input Impedance 
Input Bias Current 
at *25*0 
overOlo +70*C 
Oiff. Input Bias Current 
at *2S*C 
over 0 to +70“C 
Input Offset Voltage 
Input Overvoltage Protection 
Continuous Overvoltage 
Overvoltage >±28 V 
Accutacy 
Resolution 
Nonlinearity Error'* 

Diff. Nonlinearity Error 
Quantization Error 
Gain Errot* 

Noise Error* 

Temperature Coefficients 
Cain 
Offset 

Diff. Nonlinearity 
Settling Time to ±0.01%'' 

SHA Aperture Time 
SNA Aperture Width 
SHA Aperture Uncenainty 
Conversion Time 
Maximum Throughput Rate* 
ANAUX; OUTPUTS 

Number of DAC Channels’ 
Accuracy 
Resolution 
Nonlinearity Error* 

Diff. Nonlinearity Error 
Voltage Output Characteristics 
Voltage Output Ranges* 
Output Current 
Settling Time " 

Gain TC 
OffsetTC 

Qirrent Loop Qiancterisiics** 
Cttirent Output Range 
Load Rcstsiancc Rapgc 
Loop Supply Voltage 
Settling Time ** 

GainTC 

OffsetTC 

Reference Voltage Output 


When Power is Off. 

0 to +10V. t5V. IIOV 
1,2,4, 8 Software Selectable 
>10* Ohms 

5nA 

SOnA 

3iiA 
3.5 nA 

Adjustable to Zero 

±28 Volts maximum 
Fusing Resistors 

12 Bits 

±t/2LSBtyp, tlLSB max 
±1/2LSB typ. tlLSB max 
±l/2LSBmax 
Adjusable to Zero 
±1/2 LSB max 

-±15ppm/*Ctyp, ±2Sppm/’Cnux 
±25siV/”C Rtferred to Input 
±3ppm/* C max 
lOfiS max at any Gain 
pans 
20ns 
±5ns 

25rs max 
28kHz 


12 Bits 
±1/2 LSB 
±1/2 LSB 

±2.5V, 0 to +5V. ±5V, 0 to +10V. ±10V 

SmAmin® ±t0V 

lOiismax 

±8ppm/"C typ, tlSppm/^C max 
±SmV/*C typ, ±20 mV/’c max 

4io20inA 

0 to soon 

+15Vto*30V 

SOfumax 

110ppm/*C typ, ±25ppm/’c max 
±0.4M/"C 

+5.0OV ±0.01% ® 5niA max 


NOTES 

' The imhipfcxcr expuider is an optkm. tod is shown in dw ordcriig guide as MUX EXP. 

’ The desired range is user seketsbk whh scraps.' 

plifict (eg., thi input rsnge o( the Oto *10V raigeudirn using ■ gsin'^^^^o vI^lSV). 

*DcfiiMd as deviation from a smiglit Bnc paitiof through the end points of the rsnge. 

' For any one softwai* progtammabk gain sctiiag. Maximum error of 0312% when using s 
piDpimnibk gsin setciog other thsa the one used dutug gun callication. 

*Wben usiiy a prugranunsbie gain uningof 1. It is 1 1.5LSB max when using a progrimmable 
gain sening of 8. 

''Foe a 20V step.Thiispccifieatioii is valid for a step change on one input, or following s 
channel chaage, or foUowiig a prapasnmable gdn change, or simultaiieaua changes involv¬ 
ing any coinbinackMi of these disogci. 

* Bated on a tOus settling time, followed by s 2S|u A/D convetsioa time. Overall lystcm 
throughput rate is eahanced because the CPU is not hdd up during oonrasM^. 

* Both DAC channels arc optional, and uc shown in the ordering guide as OAC-l and DAC-2. 
Cucrem loop outputs are abo opcmntl, tad are thown ia the ordering guide as CL-I sod 
CL-2. 

**To tO.01% of full icsk rai^ folding a ZDV tup. 

'*Tas0.01% of full scale curuot following a full scale step. 

' ’Space provided for HC-IB/U oyaeal cut fora faequency of up to 50MHs. Uter can select 
to dinde ctyttal fitequcncy by (O’ or lil* ou-bosid the KTl-1200. 

’’The memory map on page 4 ahowa in detail wbcR these dau and comrol functions appear 

■’Power uquiremcatsshown sn for in IIT1-1200 with no DAC or current loop option. 

1 sihe OC/DC power coaverter isaa optko that converti -rSVDC power to tlSy. It is 
shown in the ordcritv guide as DC/DC. ' 

■ '*I2V tnd ~SV power u required only if apdonl PROM is used, but if the PROM is used, 
it's needed even if the optional OC/DC power tDovertet is eclected. 

Spedficacoiit lubjcct to diitogc sriihout notice. 


REAL-TIME PACER CLOCK SYSTEM 
Modes of Opeiackin 

Types of Clocks 

Crystal Clock Freq. '* 

Variable Freq. C2bck Rai^c 
LOGIC DRIVER OUTPUTS 
Number Available 
Characteristics 

MICROCOMPUTER INTERFACE 
Compatibility 

' Type of Interface 


Position in Memory 
On-Board PROM 


Data and Control Functions ** 


POWER REQUIREMENTS ** 
Without OC/DC Cation “ 


With OC/DC Option 
With Optional PROM 


Pacer-Timed Conversion Trigger, Pacer- 
Timed Interrupt, Pacer Off 
Variable Frequency R-C, Fixed Frequency 
Crystal, External 

Determined by User Supplied Crystal 
30Hz to 30kHz, Uset Selectable 


Open Colkctor, 30V max, 300niA max 
Continuous Sink Current per Output 

Completely Compatible with Intel SBC- 
80/10 Bus System 

Interfaces as a Block of Memory Loca¬ 
tions, Usit^ Address, Data and Control 
Busses. 

User Selectable Among any of 14 Possi¬ 
ble Locations. 

Socket for Intel 2708 or Equivalent 
1024 Byte x 8 Bit PROM, of which 1008 
Bytes are Usable. 

Card Select 
ADC Dau 
End of Convetsion 

Conversion Delayed 
Time Mark 
Convert Command 
Multiplexer Address 
Cain Select 
DAC Data 

Logic Driver Control 
Facet dock Control 
End of Conversion Interrupt 

+15V±5%@40mA 
-15V ±3%® 40mA 
+5V±5%@ 1.2A 
*SV±S%®1.7A 
+12V±S%@50mA 
-SV±5«e30mA 


TEMPERATURE RANGE 
Openiing 
Storage 

MECHANICAL 


0 to *70'C 
-55’Cco+85“C 

4.75" X 12-00* with 0.6* Board-to- 
Board Spacing 


RTl-1200 ORDERING GUIDE 



X OENOTES OPTIONS HiCUIOEO WI1N THE CORREIPONOINQ 
MODEL mWWER. THE OPTKWt ARE OEKRIBCD IN NOTES 
1. KAMO It. 
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ANALOG OUTPUTS 

The RTI-1200 has provisions for two optional 12 bit D/A con¬ 
verters which are software driven via double buffered registers. 
They can be used for such functions as driving an analog record¬ 
er, or generating analog control signals. Both D/A converters 
can be user set to any of five voltage output ranges. The D/A 
input data is natural binary for unipolar output ranges, and at 
the user’s choice can be offset binary or two’s complement 
for bipolar output ranges. One or both analog output channels 
can also be optionally equipped with 4—20mA current loop 
outputs. This permits them to drive directly the 4—20mA con¬ 
trol loops often used in process and industrial controls. 

ON-BOARD MEMORY 

The RTI-1200 contains a socket which can accommodate a 
1024 byte x 8 bit PROM, such as the Intel 2708. The user can 
store programs in such a PROM that would establish setpoints, 
perform data linearization, execute testing subroutines, or per¬ 
form other RTI-1200 related tasks. This can be of significance 
in easing programming effort, particularly when more than one' 
RTI-1200 is used with a single SBC-SO/10. Alternatively, the 
PROM socket can act simply as an extension of the PROM 
space available on the SBC-80/10, or other microcomputer. 

REAL TIME PACER CLOCK SYSTEM 
Most real world microcomputer applications requiring inter¬ 
facing to analog data.also require that many operations be 
referenced to real time. The RTM200 is equipped with a high¬ 
ly versatile real time pacer clock system that can provide real 
time operation without resorting to cumbersome and grossly 
inefficient software timing loops.Two pacer clocks are provided. 
One clock is of the R-C variety, and can be set by the user to 


any frequency between approximately 30Hz and 30kHz. The 
ocher is a ciystal controlled clock, in which a user supplied 
crystal generates very precisely timed pulses. These pulses 
could be used to generate accurately ^aced A/D conversions, 
as is required in Fourier transform analysis, or in generating a 
highly accurate time-of-day clock. A pulse from either of the 
clocks, or ui externally supplied pacer s^nal, can either trigger 
A/O conversions directly, or signal interrupts to the controllii^ 
microcomputer. 

OTHER FEATURES 

Two software driven open-collector logic driver outputs are 
available for system control functions, such as providing pen 
lift commands in an analt^ data recording application. In addi¬ 
tion, a precision 5 volt reference is a standard feature of every 
RTI-1200 for use in calibration and testing (e.g., as a test input 
on one of the anlaog input channels). Finally, the RTI-1200 
can be ordered with an optional DC/DC power convmer. In 
those instances where +15V and -15V power is not readOy 
available, this option aUows the RTI-1200 to be operated 
solely from the same +5V supply that powers the microcom¬ 
puter used with the RTI-1200. 

MEMORY MAP INTERFACE 

The RTI-1200 interfaces to the SBC-80/10 as a IK block (1024 
bytes) of memory. The SBC-80/10 can address 65,536 bytes 
of memory, which can be envisioned as 64 blocks of 1024 
byces each. The RTI-1200 can be configured by the user to 
occupy one of 14 selected blocks. The 14 possible blocks an 
spread throughout the 65K address space, so the user should 
have no trouble positioning the RTI-1200 in a block that does 
not interfere with already committed address space. 

Courtesy Analog Devices, Inc. 
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The top 16 addresses (i.e., h^hest numbered) in the IK block 
occupied by the RTI-1200 an devoted to the data and control 
functions of the RTI-1200. The bottom 1008 addresses are 
reserved for the on-board PROM. This structure can be-seen 
by referrii^ to F^re 2, the memory map. The byte addresses 
are shown in hexadecimal notation, with the most significant 
digit on the left. The addresses from XFFO to XFFF are those 
associated with the RTI-1200 operation itself (the actual value 
of hexadecimal digit X is determined by where in the 8080’s 
memory address ^ace the user wishes to have the RTI-1200 
sq>pear. All of the memory bytes associated with a particular 
RTI-1200 will haw the same value for X.) The bottom 1008 
memory addresses, from XC<30 to XFEF, are reserved for the 
use of an on-boaid PROM. 

Since the RTI-1200 interfaces as memory, any of the 8080’s 
memory reference instructions can be used. The memory map 
has been carefully thought out so as to make programming as 
easy as possible. A complete discussion of the memory map is 
included in the RTM200's User’s Guide, and only a summary 
is included here. 

When acquirir^ data, the desired channel is written into address 
XFFA. The number of the seleaed channel can also be read 
back, allowing the use of an increment memory instruction to 
advance the input multiplexer to the next chaiuiel. The desired 
gain of the programmable gain amplifier is written into address 
XFF9. A conversion is conunanded either by a pulse from one 
of the pacer clodks, or by writing a convert command into 
address XFFB. The end of a conversion can be determined 
either by checking die EOC bit in the sums word, or by direct¬ 
ing the A/D conwrter’s EOC signal to trigger an interrupt. The 
A/D converter’s output data can lx r^ as 12 bit data in two 
byte format at addresses XFFD and XFFE. This can be per¬ 
formed with a single instruction by using die 8080’s LHLD 
instruction. If only 8 bit dau is required, the 8 most signifi¬ 
cant bits can be read as a sii^le byte at address XFF8. 

Analog ou^ut data is loaded into the two 12 bit D/A conwrt- 
ers at addresses XFF4 through XFF7. The data is in two byte 
form, and the data for a single D/A converter can be loaded 
with a sii^le SHLD instruction. The use of double buffers on 
the RTI-1200 permits the two data bytes to be loaded simul¬ 
taneously into the D/A conwrtcr. This allows the D/A convert¬ 
er’s analog output to move directly from an old analog value 
to a new analog value without first goii^ to an intermediate 
value. 

Address XFFF is the address of the byte used to select one 
RTI-1200 from among two or more when multiple RTl-1200’s 
lime share the same Ik block of memory. Address XFF3 con¬ 
tains the two bits that control die two logic driver outputs. 

The exact nature and use of the status and setup' bytes, as welt 
as hints on maximizing program efficiency when usir^ die 
RTI-1200. are covered in the RTI-1200 User’s Guide. 

CARD SELECT FEATURE 

The RTI-1200 contains a card select feature, which if enabled 
by the user, allows up to 15 RTI-1200*s to share a single Ik 
block of memory locations in the SBC-80/10. This feature 
(which is somewhat analogous to memory paging, or memory 
bank selection) allows one RTI-1200 to be acthre while the 


■rTE FORMAT B«IE OFERA 



Figure 2. ftTi-1^ Memory Map 


others are in a standby or wait state. This feature can be very 
useful in simplifying software when it is desirable to use the 
same aibrouiines with more than one RTI-1200 in a given 
system. It also conserves the use of memory space. 

RTM200 USER’S GUIDE 

Detailed installation and operating information, along with 
programming hints and a technical explanation of the opera¬ 
tion of the RTI-1200 are contained within the RTI-1200 User’s 
Guide. A copy of this manual is diipped with each RTI-1200. 
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microcomputer pertpnerais/power suppnes 
signal cpnditionirtg components/amplifiers 
data acquisition sYStems/data | ^onwrters 



MP8600 SERIES 

microcomputer penpnerais/power supplies 
signal "conditioning components/ampiifiers 
data acquisition systems/data converters 
microcomputer peripHerats/power supplies 
signal conditioning components/ampfifiers 
data -acquisition systems/data converters 
microcomputer peripherals/power supplies 
signal conditioning components/amplifiers 
data acquisition systems/data converters 
microcomputer peHpherals/power supplies 
signal conditioning components^^'ampfifiers 
data acquisition systems/data converters 
microcomputer peripherals/power supplies 


BURR-BROWN 
ANALOG I/O SYSTEMS 

FOR INTEL MICROCOMPUTERS 


• INTEL - $BC80 Compatible 

• INTEL - IntellBC M0$ Compatible 

• LOW COST 

• EASY TO PROCRAM 

Systems are treated as memory 

• REDUCES SYSTEM OEVELOPMENT TIME 

System engineered and specified 
Operates from Computer's +5V0C 
Power Supply if desired 

• EASY TO USE 

8 to 64 input channels on one board 
Analog input and output on one board 


© Burr-Brown Research Corporation 1177 


microcomputer peripherals/power supplies 
signal conditioning components/amplifiers 
data acquisition systems/data converters 
microcomputer peripherals/power supplies 
signal conditioning components/amplifiers 
data acquisition systems/data converters 
microcomputer peripherals/povyer supplies 
signal conditioning components/amplifiers 
data acquisition systems/data converters 
microcomputer peripherats/power supplies 
signal conditioning components/amplifiers 
data acquisition systems/data converters 
microcomputer peripherals/power supplies 
signaL conditioning cornpotiients/arqpiifiers 
data acquisition 'systems/data converters 
micrcomputer peripherals/power supplies 
»gnal conditioning components/amplifiers 
data acquisition systems/data, converters 
microcomputer peripherals/power si^qodiiM 
stgnaL ccmditioniitg ' components/ampifiiefa. 
data acquisition systems/dlata. ctMwertars 
micrd^mputer peripherals/power -suppUes 
signal/conditioning components/amf^ian ■. 
dataA acquisitiori systems/data .ccftiverters.*: > 


BURR-BROWN 



International Airport Industrial ParliaP.O. Box 11400*TuesDn,Arizona 85734 
Tel: 602-294 1431 • Twx: 910-952-1111 •Cable:BBRCORP • Telex: 66-6491 
microcomputer penpnerais/power suppiias 
signal conditioning components/amplifiers 
data acquisition systems/data converters ^ 

mtr-rornmmiter n<enriliAr»i<e/rmtA/«tr teiionlies 
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DESCRIPTION 


These microcomputer peripherals provide two functions 
that interface directly to Intel’s SBC80 and Intellec M DS 
microcomputers. The functions are: (1) Analog Data 
Acquisition and (2) Analog Output. The devices are 
electrically and mechanically compatible with any SBC80 
and Intellec MDS. Both analog input and output systems 
are contained on a single printed circuit board that is 
treated as memory input or output by the CPU. The cards 
will mate to any niemory or 1/ O slot. They are compatible 
with the 0.6" spacing of the SBC80 or the 0.75" spacing of 
the Intellec M DS. The analog interface for each system is 
a connector at the opposite edge of the board from the bus 
connector. 


The Data Acquisition system is available with up to 64 
channels single-ended on one board. It includes ah input 
multiplexer, high gain instrumentation amplifier, 8-bit 
A/D converter along with all the necessary timing, 
decoding and control logic. A DC/DC converter (-f"5V to 
±15V) is also available so that only the computer’s power 
supply is required. The Data Acquisition System is 
available with two optional 8-bit D/A converters to 
provide analog input and output on the same board. 



THEORY OF OPERATION 


When programming with these peripherals, they are 
treated as memory locations. Any memory reference 
instruction can be used. Both the A/D converter output 
and the D/A converter input are 8-bit words so one 
memory location is needed for each channel. Because the 
address block occupied by each peripheral is user 
selectable, it can be placed anywhere in memory. 

Because these units are treated as memory, a minimum of 
instructions are needed to read an input channel or to set 
the input of a D/A converter. For instance, the LHLD 
(load) instruction followed by the proper address can be 
used to read data from two successive analog input 
channels. It will automatically select the desired channel, 
initiate conversion and when conversion is complete, 
transfer the A/D converter output for the first channel to 
the 8080’s L register and the second channel to the H 
register. Likewise a single LDA instruction can be used to 
read one analog input channel. 

All of these systems are jumpered at the factory with the 
first channel at address F700i6. Each subsequent channel 
is one memory location past the start of the last channel 
so that the second channel is at location F701i6. 


ANALOG INPUT/ 

OUTPUT SYSTEM 
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SPECIFICATIONS 


(All spedficalions typical m 25“C unless otherwise noted.) 
Prices and specififalions stihjcct to change without ntrlicc. 



Eir. 

ANALOG INPUT 

Number of analog inputs 

X (lirferenital 

16 single-ended 

32 differential or 64 single-ended >'< 

Input voltage range"' 

ADC gain ranges'" 

(strap selectable) 

Amplifier gain range'" 

(resistor programmable) 

Amplifier gain equation 

Input overvoltage protection 
input impedance 

Bias current 

25‘'C (max) 

O’C to TO 'C 

Amplifier input offset voltage 

Amplifier input offset voltage drift 

MPKM8 

MP86I6 

MP8632 

±IOmV to±5V 
+I0V. 0 to lOV.Oio 5V 
+5V. +2.SV 

IlolOOOV-V 

C = lOOkfljRixi 
(Resistor programmable) 

+ I5V 

100 megohms 

f.300nA 
-2nA "C 

i2mV 
t(5 4J^) 

ANALOG INPUT TRANSFER CHA 

RACTERISTICS 

Resolution 

8 bit binary 

Throughput accuracy +5V range (max) 

±0.49 FSR'-' 

±10mV range 

±0.59 F.SR 

Temperature coefficient of accuracy 


±5V range (max) 

±0,029 FSR "C 

ilOniV range 

±0.079 FSR r 

Conversion time ±5V range 

44 microseconds 

±I0mV range 

84 microseconds 

CMRR (for differential inputs)'" 

66 dB (Gain = 2) 


86 dB (Gain = 100) 

ANALOG OUTPUT 


Number of analog outputs ' 

2 

Output voltage range'^' | 

±10V. 0 to lOV, ±5V. 0 to 5V. +2,5V 


at SmA (strap selectable) 

Output impedance 

in 

Output settling lime (max) ^ 

< 5 microseconds 

ANALOG OUTPUT TRANSFER Cl 

KARACTERISTICS 

Resolution | 

8 bits binary 

Throughput accuracy (max) | 

±0,4% FSR 

Temperature coefficieni of accuracy | 


Unipolar i 

±0.005% FSR/T 

Bipolar 

±0.01% FSR/‘’C 

DIGITAL INPUT/OUTPUT 


All signals are compatible with 


Microcomputer Bus 


Output coding ’ 

Bipolar, two’s complement; 

i 

Unipolar, straight binary 

An analog input channel is selected by: j 

ADRO through ADR5 

An analog output channel is selected by: , 

ADRO, 

The input output data biisarereadihrough;j 

DATO through DAT 7 

POWER REQUIREMENTS 


MP«60S. MP86I6. MP8632. 

+ 5VDC -^59 at I amp. 25mV ripple 


+5VDC ±5% at 500mA. 25mV ripple 

MP8608-N.S,MP86I6-NS,MP8632-NS 1 

+ 15VDC +3% at 40mA. SmV ripple 

i 

-15V DC ±3% at 40mA, SniV ripple 

With analog output 


MP8608-AO. MP86I6-AO, MP8632-AO i 

+SVDC ±59 at 2 amp. 25inV ripple 

( 

+SVDC ±59 at 5(K)mA, 25mV ripple 

M P8608-AO-N.S, M P8616-AO-NS, | 

+15VDC ±3% at lOOmA. 5mV ripple 

MP8632-AO-NS. ( 

-I5VDC ±39 at 100mA. 5mV ripple 

TEMPERATURE RANGE 



O 'C to 70’C 


OPERATING INSTRUCTIONS 

tNSTALLATION 

These units are shipped from the factory calibrated and 
ready for immediate use. Installation requires only 
plugging the card into any empty slot in the computer and 
wiring the analog connector. 

PROGRAMMING 

Programming of this analog I/O board is easily 
accomplished since all channels are treated as memory 
locations. Any memory reference instruction can be used. 
A single STA instruction may be used to load the 
accumulator contents to one of the D/A converters. 
Likewise a single LDA instruction can be used to read an 
analog input channel. 

Single instructions can also be used to set the inputs of 
both D/A converters and read two adjacent analog input 
channels. An SHLD instruction referenced to DAC1 will 
load the contents of the L register into DAC 1 and the 
contents of the H register into DAC 2. An LHLD 
instruction will read the channel addressed and the next 
higher channel. The channel addressed will be transferred 
to the L register and the next higher channel to the H 
register. Of course,' any MOV instruction may also be 
used if direct addressing is not desired. 

The normal operation of this board halts the CPU during 
the conversion time of the analog input system. This is 
because the software in this mode is simpler than in any 
other (i.e., only one instruction required!). If the halt 
feature is not desirable, it may be disabled. Figure I shows 
thejumpers required. The jumpers shown with an asterisk 
are plated-through holes and must be drilled out before 
installation of the other jumpers. A 0.055" (No. 54) drill 
should be used for this purpose. Caution must be 
exercised to prevent damage to the board (see Figure 2). 


MECHANICAL CHARACTERISTICS 

Compatible with Intellec MDS and SBC-604/614 card 
spacing. 

Minimum card spacing: 12.7mm (0.5"). 

Microcomputer bus connector required: 86 pin PC edge 
connector with 0.156" contact centers. 

50 pin analog edge connector on board. 

Mating connector available from Burr-Brown: 

2350MC (Viking # 3VH25/ 1JN5, solder tab); 
from 3M: 3415-0001 (Scotchflex). 


(1) Connected at the factory for ±5V range (ADC range = +I0V. Gain = 2). 

(2) FSR is Full Scale Range (i.e.. I0\' for +5V range). 

(3) DC to 60 Hr with 1 kfl source unbalance. 

(4) Connected at the factory for ±t0V range, 

(5) Connected at the factory as differential. 
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OPERATION WITH HALT. 
JUMPERS REQUIRED 

OPERATION WITHOUT HALT. 
JUMPERS REQUIRED 

W55*. W56*, W57* 

W53, W54, W58 


FIGURE 1. Halt Selection Jumpers 


For operation without halting the CPU, the conversion 
should be started by using a single channel memory 
reference instruction (LDA or MOV). Then the CPU 
should execute a routine which will take longer than the 
conversion time (44 to 84 microseconds). When the CPU 
now uses an LDA or MOV referenced to the same 
memory location, the converted data will be transferred 
to the CPU. 

The voltage data for these boards is represented by an 8- 
bit two’s complement binary number. With a ±5V range, 
each bit has a value of 39.1 mV, with the polarity of the 
voltage indicated by the sign of the binary number. 

Each board is set at the factory for a block of addresses 
beginning at F700. Any analog data channel requires one 
memory location. Thus the first analog channel is located 
at F700 while the second analog channel is located at 
F701. 


ADDRESS MODIFICATION 

The base address of a board can be set to any value by 
properly jumpering its address selector. The most 
significant 8 hits of the address (ADR / 8-F) are jumpered 
to read F7 by plated through connections on all boards. 
These addresses can be changed by first drilling out the 
hole that makes the connection (Figure 2) and then 
soldering a wire jumper between the bit and logical zero 
or one. A 0.055" (No. 54) drill should be used for this 
purpose. Caution must be exercised to prevent damage to 
the board and the scattering of metal particles over its 
surface. 

The remaining lower ordered bits have been connected by 
wire jumpers at the factory. To change the sense of a bit 
simply reverse the connection of its jumper. 



ADDRESS JUMPERS 



FIGURE 2. Drilling Out Plated Through Holes 

ANALOG OUTPUT RANGE SELECTION 


When included, each DAC is jumpered at the factory for 
±10 volt operation (two’s complement coding). However, 
it is possible to alter these jumpers as shown in Figure 3 
for other output voltages and coding. Jumpers indicated 
by an asterisk are plated through holes on the board and 
should be removed by drilling as described in the section 
on address modification. When making a change, first 
remove those jumpers indicated for the present range and 
replace them with those jumpers required for the desired 
range. 


Range 

DAC 1 

DAC 2 

±10 

W66*. W67* 

W70», W72* 

+5 

W65. W67* 

W69. W72* 

±2.5 

W65, W67*. W74 

W69. W72*, W73 

0 to +10 

W65 

W69 

Oto+5 

W65. W74 

W69. W73 

Coding 



Two’s Complement 

W6I* 

W6.T 

Straight Binary 

W62 

W64 


FIGURE 3. Analog Output Range Selection 


Two’s complement coding is typically used for bipolar 
ranges and straight binary for unipolar ranges, but either 
coding can be used for any range. 



Digital 

Input, Output 

±I0V 

±5V 

—1 

Olllllll (7Fi«) 

+9.922V 

+4.961 V 

+2.480V 

lOOOOOOO (SOie) 

-10.000V 

-5.000V 

-2.50I.V 


Digital 


Olo+lOV 

IIlIIIIMFFiO 

9,961 V 

4.980V 

(NXMOOOO (00„) 

O.OOOV 

0.00tlV 


TABLE I. Analog Full Scale Range Values. 


ANALOG INPUT RANGE SELECTION 

The analog input system can be set for any range between 
±5V and ±2.5mV. It is set for ±5V (two’s complement 
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coding) from the factory. There are two gain determining 
elements in this system; the A/D converter and the 
instrumentation amplifier (1 A). The A/ D converter is set 
for a ± lOV range and the IA for a gain of 2 at the factory. 
The A / D converter can be set for other ranges simply by 
changing jumpers as shown in Figure 4. Before adding 
new jumpers, remove those indicated for the present 
range. The input voltage presented to the analog 
multiplexer must not exceed 5.25VDC for proper 
operation. 


RANCtE 


JUMPERS 


±I0V 
±5V 
±2,SV 
0 t« +IOV 
0 lo +5V 


WJ*. W2* 
W2*. W4 
W2*. W4. W5 
W3. W4 
W3. W4. W5 


*Plated through jumpers 


FIGURE 4. A/D Converter Range Setting Jumpers 


As configured at the factory, this board is jumpered for 
two’s complement operation (see Table 1 above) with 
jumper W59* inserted and W60 open. For operation in 
the straight binary mode (any range) jumper W59* is 
open and W60 is inserted. 


Required Jumpers 
for Differential 

Required Jumpers 
for Single-ended . 

32 Channels 

W8 

W9 

64 Channels 

W6 

W7 

WIO 


FIGURE 5. MP8632 Channel Conversion 


The differential mode of operation should be used for 
analog signals in noisy environments. The differential 
mode is particularly useful for low level signals since thQ' 
are more prone to noise than high level signals. This 
board can also operate in a pseudo-differential mode. In 
this mode, the system has the number of channels of the 
single-ended mode, but the minus input of the lA is 
connected to a remote common rather than grounded on 
the board. This mode of operation is useful if there is a 
remote ground common to all the input signals. In this 
way the advantages ofsinglo^nded operation (maximum 
number of channels) and differential operation (better 
noise rejection) are combined. Jumpers W lOand W52 are 
installed and W7 is removed for this mode of operation. 

ANALOG OUTPUT CHECKOUT 


ANALOG INPUT LOW LEVEL OPERATION 

Pads for external gain setting resistors (see Figure 7) have 
been provided so that the instrumentation amplifier can 
be user set for gains to 1000. The following formula can be 
used to calculate the value of the resistance; Gain = 100 
kfl/Ri-x i , where Rext is the resistance between pins 1 and 
12 of the IA (R15, 94 in parallel form Rext in Figure 7). 
The gain adjustment potentiometer on the board will 
give an adjustment range of ±1%. Therefore, if an Rext 
with an accuracy of ±0.5% is used, the on-board 
potentiometer will have sufficient range for adjustment. 
Stable (50ppm) resistors should be used in this 
application. As shipped from the factory, R15 = 49.9kfl. 
The settling time of the amplifier increases as the gain 
increases. A delay time of 41 microseconds is set at the 
factory to allow for multiplexer and amplifier settling 
times. This delay time is sufficient for amplifier gains of 
up to 50. For gains larger than 50, a longer delay time is 
required. A delay time of 81 microseconds will be 
obtained by removing R17. This delay time is sufficient 
for gains of up to 1000. 

For lowest system noise, the ADC range should be set on 
the ±10V or 0 to lOV ranges with the amplifier providing 
all the system gain. 

A 64/32 channel input board can be converted from 
single-ended operation to differential operation or vice 
versa by simply changing a few board jumpers (MP8632 
from/to MP8664). Figure 5 indicates those jumpers that 
must be present for a given mode of operation. T o convert 
from one mode to the other remove those jumpers 
indicated for the present type of operation and install 
those necessary for the desired mode of operation. 


A static check of the two analog outputs is very simple. 
Load the L register with the output 1 data word and the H 
register with the output 2 data word. An SHLD 
instruction can then be used to transfer the data to the 
DACs. The addresses of the analog outputs are set at the 
factory to values of F700i6 and F701 ■«. The ideal values 
for plus and minus full scale are shown in Figure 6. 


DATA 

WORD 


80 i, 

7F,* 


±2.5V 


-2.JOO 

+2.480 


-S.000 

+4.961 


00» 

FF|4 


0.000 I 0.000 
+4.9S0 I +9.961 


FIGURE 6. DAC Full Scale Values. 


Two’s complement coding is shown for bipolau’ ranges; 
straight binary for unipolar ranges. 

If the SBC80/10 monitor is available, the Insert (I) and 
Substitute (S) commands can also be used to accomplish 
an output write. 

To check the dynamic characteristics of the analog 
outputs the following program can be used. 

ORG 
LXI 
MVI 

LOOP: MOV 

■NX 
MOV 
DCX 
CMA 
JMP 
END 


3C40H 

H, OFTOOH ;.Set H a L to DAC 1 Addras 
A, 7FH ; Initialize Data Word 
M.A '.Load DAC I 
H 

M, A :Load DAC 2 
H 

:Complimem Date Word 

LOOP 


A 27 kHz square-wave will be present on both DAC 
outputs. 
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ANALOG INPUT CALIBRATION 

These systems are set at the factory for a ±5V input range. 
If the input system range is to be changed, the following 
program may be used to adjust gain and offset. 


Calibration is performed by connecting a voltage source 
capable of 0.01% accuracy to input channel zero (this 
could also be a DC voltage source of less absolute 
accuracy whose output is monitored by a 0.01% DVM). 


Rl i l yii WtH 

CO KQll 

c’Kou r Kyii 01 i-'jH 

NMOin i;yu o2C2H 


Ref ^ KOH. hull Scale Ref = 07KH 
:Mi>nitor ruutiiivs 


out; .H'soH 


HKC.l: 

bJ:C.2: 


CLl*: 


Ni:U: 


I XI 

LXI 

MVi 

LXI 

MOV 

SUI 

JNZ 

INK 

INR 

MVI 

sun 

JNZ 

MOV 

CALL 

MVI 

CALL 

OCR 

JNZ 

CALL 

JMl' 

KNI> 


II. 0I'70QH :lniltalii'e 
HI*. .IFI I H 
i :. I OH 

B. 0 

A. M iRead data from board 

R1;F dneremeni data count if data = REF 

NFQ 

U 

C ;Have 100 conversions been made? 

A. 64H 
C 

CLP 

A. B :\es. Print data count 

NMOUT 

C, 20H iPrint a space 

C(J 

F ;Ful! line been printed? 

HHti2 

C ROU T -.Yes. Print C R & L F 
'BFC.I 


The offset and gain adjustments are made while applying 
the voltage shown in Figure 8. For other ranges, the offset 
voltage adjustment is made at the most negative value of 
the range less one half least significant bit (LSB). An LSB 
is equal to the span (full scale range) divided by 256 for 8 
bit resolution. The gain adjustment is made at the most 
positive value of the range less I 1/2 LSB. Thus for a 
range of ±50mV, an LSB is lOOmV/256 = 391 mV. The 
offset adjustment is made at -50mV + 195fiV =-49.80mV 
and the gain adjustment at +50mV - 586/uV = 49.41 mV. 
Before making these adjustments, however, the unit 
should be allowed to reach thermal equilibrium (about 30 
minutes under power). 


The offset adjustment is made first by using the 
appropriate offset calibration voltage. Run the 
calibration program and adjust the on board offset 
potentiometer until the B register contains a value 
between ]£i6 and 46t6 (30io and 70io)- 


To perform the gain adjustment change the data labeled 
“REF’ in the calibration program from 80 to 7F, set the 
input voltage to the correct value as shown in Figure 8 
and adjust the on board gain potentiometer in the same 
manner as described for offset. 


The program assumes that the system is under the control 
of the SBC80/I0 prototype package monitor (M80P, 
version I.O, March 1,1976). It may be used for both offset 
and gain calibration. The system offset should be 
adjusted first, followed by the gain adjustment. 


If the SBC80 monitor is available, the substitute (S) 
command can be used to interrogate an input channel. 

CONNECTOR PINOUT 


If the address of channel zero on the board has been 
changed from FTOOio then the LXI H instruction should 
reflect that change. 


A G3C50 monitor command will begin program 
execution. After 100 conversions have been made, the 
value (in hex) of the B register will be printed. This value 
represents the number of times the data read from the 
board was equal to “REF” (80 for offset; 7F for gain). 


RANGE 


OFFSET 


GAIN 


±5V 

Oto +10 
0 lo +5 


-4.980 

+I9.53mV 

+9.766mV 


+4.941 

+9.941 

+4.971 


FIGURE 8. Analog Input Calibration Values 


P-3 

ANALOG CONNECTOR PINOUT 

Pin No. 

P-4 

ANALOG CONNECTOR PINOUT 

Pin No. 

GND 

1 

2 GND 


1 

2 


CND 

3 

4 GND 


3 

4 


-I5VDC 

5 

6 -I5VDC 


5 

6 


+I5VDC 

7 

8 +13VDC 


7 

8 


AO RET 1 

9 

10 AO RET 2 

GNd| 

9 

10 

[cND 

Analog Out 1 

il 

12 Analog Out 2 


II 

12 


GND 

13 

14 GND 


13 

14 


GND 

IS 

16 GND 


IS 

16 


Remote Comman 

17 

IS GND 


17 

18 


INO 

19 

20 IN32;RET0 

IN 16 

19 

20 

IN48/RET16 

INI 

21 

22 IN33/RETI 

INI? 

21 

22 

N49/RET17 

IN2 

23 

24 IN34/RET2 

IN 18 

23 

24 

NS0/RET18 

IN3 

25 

26 IN35/RET3 

IN 19 

25 

26 

NS1/RET19 

IN4 

27 

28 IN36/RET4 

IN20 

27 

28 

N52/RET20 

INS 

29 

30 IN37/RET5 

IN2I 

29 

30 

INS3/RET21 

IN6 

31 

32 1N38/RET6 

1N22 

31 

32 

INS4/RET22 

IN7 

33 

34 IN39/REn 

IN23 

33 

34 

IN5S/RET23 

INS 

35 

36 IN40/RET8 

IN24 

35 

36 

]NS6/REr24 

IN9 

37 

38 IN4I/RET9 

1N25 

37 

38 

1N57/RET25 

IN 10 

39 

40 IN42/RETI0 

1N26 

39 

40 

INS8/RET26 

INIi 

41 

42 IN43/RETII 

IN27 

41 

42 

INS9/RET27 

INI2 

43 

44 IN44/RETI2 

IN28 

43 

44 

IN60/RET28 

INI3 

45 

46 IN45mET13 

IN29 

45 

46 

IN6I/RET29 

IN 14 

47 

48 IN46/RETt4 

IN30 

47 

48 

IN62/RET30 

INIS 

49 

so IN47/RETI3 

IN3I 

49 

SO 

IN63/RET3I 
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NE5018-F,N 


DESCRIPTION 

The NE5018 is a complete 8-bit digftS^to 
analog converter subsystem on one mono¬ 
lithic chip. The data inputs have input 
latches,controlled by a latch enable pin. The 
data and latch enable inputs are ultra-low 
loading for easy interfacing with all logic 
systems. The latches appear transparent 
^en the IT Input is in the low state. When 
LE goes high, the input data present at the 
moment of transition is latched and retained 
until LE again goes low. This feature allows 
easy compatibility with most microproces¬ 
sors. 

The chip also comprises a stable voltage 
reference (5V nominal) and a high slew rate 
buffer amplifier. The voltage reference may 
be externally trimmed with a potentiometer 
for easy adjustment of full scale, while main¬ 
taining a low temperature co-efficient. 

The output of the buffer amplifier may be 
offset so as to provide bipolar as well as 
unipolar operation. 


FEATURES 

• B-bit resolution 

• Input latches 

• Low-foading data Inputs 

• On-chip voltage reference 

• Output buffer amplifier 

• Accurate to ± 1/2 LSB 

• Monotonlc to 8 bits 

• Amplifier and reference both short- 
circuit protected 

• Compatible with 2650, 8080 and many 
other juP’s. 

APPLICATIONS 

• Precision 8-blf D/A converters 

• A/D converters 

• Programmable power supplies 

• Test equipment 

• Measuring Instruments 

• Analog-digital multiplication 


PIN CONFIGURATION 



ABSOLUTE MAXIMUM RATINGS 


1 PARAMETER 

RATING 

UNIT 

Vcc+ 

Positive supply voltage 

18 

V 

Vcc- 

Negative supply voltage 

-18 

V 

ViN 

Logic input voltage 

Oto 18 

V 

VrefIN 

Voltage at Vref input 

12 

V 

VrefADJ 

Voltage at Vref adjust 

0 to Vref 

V 

VsuM 

Voltage at sum node 

12 

V 

Irefsc 

Short-circuit current 




to ground at Vref OUT 

Continuous 


lOUTSC 

Short-circuit current to ground 




or either supply at Vqut 

Continuous 


IflEF 

Reference input current 

5 

mA 

Pd 

Power dissipation* 




-N package 

800 

mW 


-F package 

1000 

mW 

Ta 

Operating temperature range 




SE5018 

-55 to +125 

“C 


NE5018 

0 to +70 

j CQ 

TsTG 

Storage temperature range 

-65 to +150 

j 'C 

TsOLD 

Lead soldering temperature 




(10 seconds) 

300 

i "C 


•NOTE 

For N package, derate at 120°CAV above 35° C 
For F package, derate at 73*C/W above 75° C 
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NE5018-F.N 


DC ELECTRICAL CHARACTERISTICS Vcc+ = 15V. Vcc- = -15V. SESOis. -SS^C < Ta < 125“C, 

NE5018. 0*C < Ta S TO'C unless otherwise specified. 


PARAMETER 

TEST CONDITIONS 

SESOIS 

NE5018 


Mfn 

Typ 

Max 

Mln 

Typ 

Max 


Vcc+ 

Positive supply voltage 



15 



15 


V 

Vcc- 

Negative supply voltage 



-15 



-15 


V 


Resolution 



B 



8 


bits 


Relative accuracy 




±0.19 



±0.19 

% 

Ts 

Settling time 

To ± 1/2LSB, 10V step 


2 



2 


MS 

PSRR 

Power supply 

Vcc+ +12to+18V 


±1 



±1 


mV/V 


Rejection ratio 

Vcc- -12 to-18V 








icc+ 

Positive supply current 

Vcc+ =15V 


8 



8 


mA 

Icc- 

Negative supply current 

Vcc-=-15V 


-10 



-10 


mA 

llN(O) 

Logic “0” input current 

ViN == OV 


5 



5 


mA 

ViN(O) 

Logic "0" input voltage 




0.8 



0.8 

V 

VlN(1) 

Logic "1" input voltage 


2.0 



2.0 



V 

Tpwle 

Latch enable pulse width 



400 



400 


ns 


BLOCK DIAGRAM 



All R valves equal SKn and are thermally matched. 
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EQUIVALENT SCHEMATtC _ 

I ~~ 0 - 9.961V OPERATION 


DIQITJU. tHPUTS 
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data acquisition systams/data 'converters 
microcomputer peripherals/power supplies 
signal conditioning components/amplifiers 

MP10, MP11 

data acquisition systems/data converters 
microcomputer peripherals/power supplies 
signal conditioning coihponents/amplifiers 
data acc^isition systemS/data converters 
microcomputer peripherals/power supplies 
signal conditioning components/amplifiers 
data acquisition systems/datd converters 
microcomputer peripherals/power supplies 
signal conditioning components/amplifiers 
data acquisition systems/data converters 
microcomputer peripherals/power supplies 
signal conditioning components/amplifiers 


MICROPROCESSOR 

ANALOG OUTPUT COMPONENTS 


COMPATIBLE WITH: 

8080 {Intel) 

OOSOA (AMD) 

Z-80 (Zilog) 

6800 (Motorola) 

8008 (Intel) 

F-B (Faircfiild) 

SC/MP (National) 

650X (MOS Technology) 


USE AS ANALOC INPUT AND OUTPUT 
EASY TO USE 

Completely compatible with most Microprocessors 
No external logic required 
Timing compatible 
Memory mapped 

SAVES DEVELOPMENT MONEY ANO TIME 
COMPLETELY SELF-CONTAINED 


© Burr-Brown Research Corporation 1976 


signal conditioning components/amplifiers 
data acquisition systems/data converters 
microcomputer peripherals/power supplies 
signal conditioning camponents/ampKfiers 
data acquisition systems/data converters 
microcomputer peripherals/power supplies 
signal conditioning cornponents/amplifiers 
data acquisition systems/data converters 
microcomputer peripherals/power supplies 
signal conditioning components/amplifiers 
data acquisition systems/data converters 
microcomputer peripherals/power supplies 
signal conditioning components/amplifiers 
data acquisition systems/data converters 
microcomputer peripherals/power supplies 
signal conditioning components/amplifiers 
data acquisition > syStems/data converters 
microcomputer peripherals/power supplies 
signal conditioning components/amplifiers 
data acquisition systems/data converters 
micrcomputer pe.ripherals/power supplies 
signal conditioning components/amplifiers 
data acquisition systenns/data converters 
microcoriiputer peripherals/power supplies 
signal xonditioning components/amplifiers 
data acquisition systems/data converters, 
microcomputer peripherals/power supplies 
signal conditioning components/amplifiers 
data acquisition systems/data converters 


BURR-BROWN 



International Airport Industrial Perl(*P.O. Box 11400*Tucson;Aruona 8S734 
Tel: 602-294-1431 • Twx:910.952-iri1>Cahle:8BRCORP«Telex:86-6491 
microcomputer penpnerais/ power supplies 
signal conditioning components/ampUfiers 
data anriuisftfon svstems/data converters 
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DESCRIPTION 

These microprocessor peripherals provide an analog 
interface compatible with most microprocessors. The 
MPIO and MPH are electrically and functionally 
microprocessor compatible in static or dynamic 
situations. 

These units are complete analog systems packaged in 32 
pin triple wide dual-in-line packages. They contain two 8 
bit D/A converters which are internally trimmed for gain 
and offset so that no external trimming is required. Afl 
necessary interface, timing and address decoding logic is 
also included. 

The MPIO is designed to be used with 8080A and 8008 
type microprocessors. It can be used with SC/ MP if pull- 
up resistors are added to the address bus, with the F-8 
Dynamic or Static memory interface chip if the RAM 
WRITE signal is a minimum of430nsec and with the Z-80 
if tw (4tH) = tw i4>L} = 500ns. The MPI 1 is designed to be 
used with 6800 and 650X type microprocessors. 

The address lines Ai through Au, Bj and Bj of the 
MPIO are CMOS compatible so that they can be directly 


connected to the address bus of an 8080 or 8008. AH other 
input lines require standard TTL voltages. The address 
lines A- through Au and B; of the MPIl are LSTTL 
compatible so they can be directly connected to the 
address bus of a 6800 or 650X. All other input lines 
require standard TTL voltages but are high impedance 
requiring only microamp drive currents. 

THEORY OF OPERATION 

When programming these peripherals, the user treats 
them as memory. Because the D/A converter input is an 8 
bit word, one 8 bit memory location is required for each 
channel. Since these units are treated as memory, a single 
instruction is all that’s needed to write to an output 
channel. For instance, when the MPIO is used with an 
8080, a single instruction, SHLD, can be used to output 
data to both D/A converter channels from the H and L 
register pair. Likewise, when the MPl 1 is used with the 
6800 or 650X, a single STX instruction can be used to 
output data to both D/ A converter channels from the 
index register. The MPIO and the MPl I require an 
initialization as would any programmable peripheral. 



MPIO, MPl 1 BLOCK DIAGRAM 


ADDRESS 

DETERMINATION 
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ELECTRICAL SPECIFICATIONS 


(Typical at 25‘'C and rated supplies unless otherwise noted.) 

1 MPIO/MPII I 

1 MPIQ/MPIt 1 

ANALOG OUTPUT 

Number o( analog outputs 

Output voltage range 

Output impedance 

Output settling time 

2 

±I0V 

in 

25 lisec 

DIGITAL INPUT/OUTPUT 

All signals compatible with 
the microprocessor bus 

An analog output channel selected by: 
In[nit data bits read by; 

AO 

D0-D7 



POWER REQUIREMENTS 


TRANSFER 

CHARACTERISTICS 



+5VDC ±5% at 90 mA 
+I5V+3% at 30 mA 
-I5V ±3% at 30 mA 

Resolution 

One LSB 

8 bit binary 

(complementary binary) 

78.1 mV 

AOL PCBl* 

TEMPERATURE RANGE 

Operating temperature range 

Storage temperature range 

0 - 70“C 
-55°C to +85'C 

Throughput accuracy (max) 

Throughput accuracy (typical) 

Temperature coefTicient 
of accuracy 

roK 

±0.25% FSR 

±0.008% FSR/”C 


1. FSR is Full Scale Range = 20V. 

2. Accuracy components are: Linearity Error 

^ ±0.2% FSR; Gain Error = ±0.1% FSR. Offset Error = ±0.1% FSR. 

1 


MECHANICAL SPECIFICATIONS 



TOP VIEW ^ 

MATERIAL: Alumina 
WEIGHT: 14 grams (0.5 oz) 

PINS: Pin material and plating composition 

conform to Method 2003 (solderability) 
of Mil-Std-883 (except paragraph 3.2). 
MATING CONNECTOR: 2302MC 
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PROGRAMMING 


These units are easily programmed since all are treated as 
memory locations. They use any memory reference 
instruction that can write data from internal registers or 
the accumulator. A single instruction can be used to write 
data to one or both channels. When the MPIO is used 
with an 8080. a single SHLD instruction referenced to the 
lower of the two addresses will automatically transfer the 
data in the H register to DACl and the data in the L 
register to DAC2. An STA instruction will transfer the 
data in the accumulator to either DAC. When the MPl 1 
is used with a 6800, a single STX instruction referenced to 
the lower of the two addresses will automatically transfer 
the eight upper bits of the index register to DAC 1 and the 
eight lower bits to DAC2. An STAA instruction will 
transfer the contents of the accumulator to either DAC. 
Of course, if direct addressing is not desired. MOV 
instructions may be used to transfer data from internal 
registers to a specific DAC memory location. As with any 
programmable peripheral, the MPIO and MPl I must be 
initialized. 


MPIO INITIALIZATION 

The RESET input controls the status of the control 
register of the MPIO. An active high on this line will reset 
the control register to all “zeros”. 

The MPIO will require initialization every time RESET is 
activated. If RESET is connected to ground, the MPIO 
must be initialized only once before output of the data. 

MPIO INITIALIZATION SEQUENCE: 

1. Load initialization address 

2. Load initialization data 


MPIO INITIALIZATION ADDRESS: 

AisAmAhAj^Aii Aid Av An A- Ah A^ A 4 A.? A; Ai An 

X X 1 I 1 i 1 I I I I I 1 1 

User 
Defined 

X = don't care, not connected to MPIO 
1 = True 


MPIO INITIALIZATION DATA 

D: D. 

D. D 4 

D, D 2 Di Do 

1 0 

0 0 

0 

DO 

II 

0 

0 

0 

0 


For 8080 the sequence may look as follows: 

LXI H, ADDR; ADDR = Initialization address 

Loads H & L registers with 
initialization address 


MVl M. DATA; DATA = 80 

Loads initialization data ( 8 O 1 *) 
to initialization address 


The initialization sequence assigns internal registers to 
function as input registers for the D/A converters. Now 
data can be written into the MPIO. This is accomplished 
by oulpuiing the correct MPIO address: 


Aij Aji An Aio A 9 As A? A6 As A 4 As A 2 Ai Ao 
II 11 11111 laaOO 


OUTPUT 1 


User 

Defined 


1 


1 


0 1 


OUTPUT 2 


User 

Defined 


The B 2 and Bj inputs determine the address to which the 
MPIO will respond. The four memory locations which are 
possible arc outlined below: 



B. 

! A, 

A3 

0 

■■ 


0 

0 



I 

1 

1 

H 

■ 

0 


At the time that the address appears on tl^address bus, 
data will appear on the data bus and a R/W pulse will be 
generated by the microprocessor. 25^8 later, the analog 
voltage will be stable at the selected output. Timing 
requirements shown in Figure I must be satisfied in order 
for the MPIO to be initialized and operate correctly. 
These timing requirements are completely compatible 
with the 8080. 

MP11 INITIALIZATION 

The RESET input controls the status of the control and 
peripheral registers o f the M PIl. The initialization 
sequence will differ if RESET is connected to a master 
reset line of a microprocessor or if it is hard-wired to Vcc. 
The MP ll will require initializat ion ever y time the 
RESET line is activated low. If the RESET line is hard 
wired to Ve„ the MPl I must be initialized only once 
before output of the data is attempted. 


MPl 1 ADDRESS STRUCTURE 

Ai*! Ai 4 A(.i A]’ All Am A9 Ag A? Af, A? A4 Aj A; Ai Ao 
XX II IlllllllOaYY 

Ais. Am - don’t care, not connected to MPl I 
A 2 - Address is user selectable 

Ao, Ai - Addresses control the initialization sequence 
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Initialization sequence when RESET is hard wired to V«: 


I. Load accumulator with “zeros’* 



2. Store accumulator at memory locations: 



AisAmAj 

3 A 12 A 11 A 10 A 9 Ag Ay At As A 4 A 3 A 2 Ai 

Ao 


X X I 

1 1 1 1 1 1 1 1 1 0 a I 

0 

Address of Control register A 

1 AisAmAijAuAiiA io A? Ab At A* A5 Aj A? A^ Ai 

Ao 


1 X X J 

1 1 I I I 1 I 1 1 0 a 1 

1 

Address of Control register B 

3. Load accumulator with “ones” 



4. Store accumulator at memory locations: 



A 15 A 14 A 13 AJ 2 A 11 A 10 A 9 Ag A? Ai As A 4 Aj A 2 A( 

Ao 


X X 1 

lllllllllOaO 

0 

Address of Peripheral register A 

X X 1 

lllllllllOaO 

1 

Address of Peripheral register B 

X X 1 

1 1 1 1 I 1 I 1 1 0 a 1 

0 

Address of Control register A 

X X I 

1 1 1 I 1 1 1 1 1 0 a 1 

1 

Address of Control register B 

1 For the 6800 this sequence can be written as follows: 


LDAA 

“zeros” 


Loads Zeros in accumulator 

STAA 

Address of control register A 


Stores zero’s in C.R.A. 

STAA 

Address of control register B 


Stores zero’s in C.R. B 

LDAA 

“ones” 


Loads one’s in accumulator 

STAA 

Address of peripheral register A 


Stores one’s in P.R.A 

STAA 

Address of peripheral register B 


Stores one’s in C.R.A 

STAA 

Address of control register B 


Stores one’s in C.R.B 

LDX 

# $0000 


Loads zero’s in index register 

STX 

$ Address control register A 


Stores zero’s in C.R. A and B 

LDX 

#$1111 


Loads one’s in index register 

STX 

$ Address peripheral register A 


Stores one’s in P.R. A and B 

STX 

$ Address control register A 


Stores one’s in C.R. A and B 


Initialization sequence when RESET line is connected to 
master reset (control registers A and B are always set to 
zero after master reset and only ones need to be stored in 
the registers): 


LDAA 

“ones” 

STAA 

Address Peripheral register A 

STAA 

Address Peripheral register B 

STAA 

Address Control register A 

STAA 

Address Control register B 

or as: 


LDXX 

#$1111 

STX 

$ Address Peripheral register A 

STX 

$ Address Control register A 

Now data can be written into MPll. This is accomplished 
by outputing the correct MPll address; 


A.^AnAn A.;A,, A„. A, As A- A. A. Aj A. A; A, A,. 

X X I I f t ! I 1 I 1 I 0 a 0 0 Ol'TPL'T I 
XXlllllllIlf OaOl OL'TPLT 2 

At the time that the address appears on the address bus, 
data will appear on the data bus, and if the R/W and 
Enable pulses are correctly timed, 25/is from the true 
address the analog voltage will be stable at the selected 
output. 

Timing requirements shown in Figure 1 must be satisfied 
for the MP! 1 to be initialized and operate correctly. All 
timing requirements are completely compatible with 6800 
microprocessors. User definable address line A: used in 
conjunction with the B: input allows the user to place the 
MPll in two different memory locations or use two 
different M P1 Ts in order to expand the analog system to 
four outputs. When is wired to logical 1, the MPII 
responds to an A: address of 0 and when B; is wired to a 
logical 0, the MPll responds to an A’ address of I. 
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TEST PROGRAMS 

The test circuit and test programs following allow the user 
to test the operation of the MPIO or MPl i. The test may 
be conducted by setting up the MP 10/MP11 as shown in 
Figure 3. The microprocessor system should have a 
teletype/CRT terminal interface. The programs will step 
through several output voltage levels for each DAC 
output (see Figure 4). Notice how the software is different 
for the two test programs to illustrate two software 
approaches. 



FIGURE 3. Test Circuit for MPlO/MPll. 


MPIO Test Program 


Initialize MPIO 


LOOP 1 


LOOP 2 


LXI H ADDR X Address of the first 


byte of data. 

— MOV A, M Load ACC with first byte 
of data. 

STA ADDR2 Output to MPIO DACl 
INX H Increment ADDRl 

CALL Cl 1 Call Input routine 
CPI ^ Wait for any character 

8 D ; except carriage return 

L-jnz LOOPl 
LXI ADDR X 
pMOV A. M 

STA ADDR3 Output to MPIO DAC2 
INX H Increment ADDRl 

CALL Cl 1 

CPI i Wait for any character 

8 D ) except carriage return 

L-JNZ LOOP2 
RET 


The MPIO test program will output five different voltages 
from DACl and then from DAC2 (see Figure4). DACl 
will initially output -lOV. To step through the other 
values for DACl enter any character other than carriage 
return (CR). To transfer control to DAC2, enter CR. 
DAC2 will output -lOV. To step through the other values 
for DAC2 enter any character except CR. To exit the test 
program, enter CR. 


Store the following codes in memory beginning with 
location ADDR X; 

ADDR X - FF 
ADDR X + 1 - BF 
ADDR X + 2 - 7F 
ADDR X + 3 - 3F 
ADDR X + 4 - 00 

ADDR 2 is the address of output I, ADDR 3 is the address 
of output 2: 

MPl 1 Test Program 




Initialize MPII 

LDX 

# $ FFFF; 

Load index register 

STX 

ADDR 1; 

Store FF in each DAC 

JSR 

INP 



LDX 

# $ BFBF; 

Load index register 

STX 

ADDR 1; 

Store BF in each DAC 

JSR 

INP 



LDX 

# $ 7F7F: 

Load index register 

STX 

ADDR L 

Store 7F in each DAC 

JSR 

INP 



LDX 

# $ 3F3F; 

Load index register 

STX 

ADDR 1; 

Store 3F in each DAC 

JSR 

INP 



LDX 

# $ 0000; 

Load index register 

STX 

ADDR I; 

Store 00 in each DAC 

JSR 

INP 



LDAA 

ADDR X 

Load Status] 
of ACIA 1 

Wait for 
. TTY 

Bit A 

#01 

1 

input 

BEQ 

INP 

J 


LDA A ADDR X + 1 

Load Data \ 




From ACIA 


CMP 

A 


Jump back 

8 D 



^ to t«t 

BNE 

Back 


pregram or 

return to 

JMP 

Return 


main program 


BACK RTS 


The MPl 1 test program will output -lOV from both DACl 
and DAC2 then wait for an input from the TTY. Any 
character except CR will advance both DAC’s of the MPl I 
to the next value as defined in Figure 4. CR terminates test 
program by jumping to RETURN. 

ADDR 1 is the address of output 1, ADDR X is the address 
of the ACIA. 


Step 

Ideal Output 

Actual Output Limits 

1 

-lOV 

-9.922V to-10.078V 

2 

-5.0V 

-4.922 to -5.078 

3 

O.OOOV 

-0.078 to -K).078 

4 

+5.0V 

+4.972 to +5.078 

5 

+9.922V 

+9.844 to +10.000 


FIGURE 4. Output Voltages for Test Programs. 
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APPLICATIONS 


FLOWCHART USING 8080 and MPIO 


ANALOG INPUT AND ANALOG OUTPUT 

Althou^ the MPIO and MPII are analog output peripherals, they can be easily 
adapted to provide both analog inputs and outputs. 

With the addition of a few external components, these units can each provide one 
analog input and one analog output for your system as shown below; 


MPIO ANALOG INPUT/OUTPUT 



MP11 ANALOG INPUT/OUTPUT 



These systems use the microcomputer system to perform the logic of a successive 
approximation A/D converter, using one channel of the MPIO or MPIl to 
provide the D/A converter reference function required. In a successive 
approximation converter, the analog input is compared to known outputs of a 
D/A convener. First, the microcomputer turns the MSB on, wails for the settling 
time of the MPIO or MPI 1. and the switching time of the comparator, then reads 
the status. If the comparator indicates that the MSB voltage is smaller than the 
analog input, the MSB input to the MPIO/MPIl stays "on” and the next most 
significant bit is turned on. If the comparator indicates that the MSB value is 
larger than the analog input, the microcomputer will turn the MSB “ofr and turn 
"on" the next most significant bit. In this way all 8 bits of the D/ A converter are 
tested. When the conversion is complete, the input of the D/ A converter will be a 
distal representation of the analog input. This value will also be stored in the 
microprocessor's accumulator (complementaiy binary). 

The A/D conversion will require approximately 900 microseconds when 
performed in this manner. Burr-Brown will shortly have available a detailed 
application note describing this process including all software required. 



FLOWCHART USING 6800 and MP11 



Printed in U.S.A. 


POS-363 


June, 1977 
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Semiconductor 


SEPTEMBER 1977 


ADC0816/ADC0817 Single Chip Data Acquisition System 

General Description 

The ADCQ816. ADC0817 (MM74C948) data acquisition 
components are monolithic CMOS devices with an 8-bit 
analog-to-digital converter, a 16-channel multiplexer and 
microprocessor compatible control logic. The 8-bit A/0 
converter uses successive approximation as the conversion 
technique. The converter features a high impedance 
chopper stabilized comparator, a 256R voltage divider 
with analog switch tree and a successive approximation 
register. The 16-channel multiplexer can directly access 
any one of 16 single-ended analog signals and provides 
the logic for additional channel expansion. Signal condi¬ 
tioning of any analog input signal is eased by direct 
access to the* input of the 8-bit A/D converter. 

The device eliminates the need for external zero and 
full-scale adjustments and featuras an absolute accuracy 
< 1 LSB including quantitizing error. Easy interfacing to 
microprocessors is provided by the latched and decoded 
address inputs and latched TTL TRI-STATE® outputs. 

The design of the ADC0816, ADC0817 has been 
optimized by incorporating the most desirable aspects of 
several A/D conversion techniques. The ADC0816, 

ADC0817 offers high speed, high accuracy, minimal 


Block Diagram 



©1977 National Semiconductor Corp. IM-B20M97/Printed in U.S.A. 

Courtesy NaficHial Semiconductor Corp, 


temperature dependence, excellent long-term accuracy 
and repeatability, and consumes minimal power. These 
features make this device ideally suited to applications 
such as process control, industrial control, and machine 
control. 

Features 

■ Total unadjusted error < ±1/2 LSB 

■ Linearity error < ±1/2 LSB 

■ No missing codes 

• Guaranteed monotonicity 

■ No offset adjust required 

■ No scale adjust required 

■ Conversion time of 100 jus 

■ Easy microprocessor interface 

■ Latched TRI-STATE output 

■ Latched address input 

■ Ratiometric conversion 

■ Single 5V supply 

■ Low power consumption—15 mW 
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Absolute Maximum Ratings (Notes 1 and 2 ) 


Voltage at Any Pin Except Control Inputs 
Voltage at Control Inputs 

(Start, TRI-STATE, Clock. ALE, ADD A, 
ADD B, ADD C. ADD D, Expansion Control) 
Operating Temperature Range 
Storage Temperature Range 
Package Dissipation (at 25°C) 

Operating Vcc Range 

Absolute Maximum Vcc 

Lead Temperature (Soldering, 10 seconds) 


-0.3V to Vcc + 0-3V 
-0.3V to + 15V 


-40°C to +85®C 
-65“Cto+150°C 
500 mW 
4.5V to 6V 
6.5V 
300°C 


DC Electrical Characteristics 


4.75V < Vcc < 5.25V, -40"C < Ta < +85“C unless otherwise noted, (Note 2) 


PARAMETER 

CONDITIONS 

MIN 

TYP 

MAX 1 

UNITS 

V|N(1) 

Logical "1" Input Voltage 

Vcc = 5V 

VcC"1-5 


— 

V 

V|N(0) 

Logical "0" Input Voltage 

Vcc = 5V 



1.5 

V 

VOUT(l) 

Logical "1" Output Voltage 

IO = -360/iA 

Vcc~0.4 



V 

VQUTIO) 

Logical "0" Output Voltage 

IO= 1.6 mA 



0.45 

V 

VOUT(O) 

Logical "0" Output Voltage EOC 

iQ = 1.2 mA 



0,45 

V 

'lN(1) 

Logical "1" Input Current 
(Tfie Control Inputs) 

ViN = 15V 



1.0 

pA 

l|N(0) 

Logical "0" Input Current 
(The Control Inputs) 

VfN = 0 

-1.0 



pA 

'cc 

Supply Current 

Clock Frequency = 500 kHz 


300 

1000 

pA 

Iqut 

TRl-STATE Output Current 

< 

O 

It 

CJl 

< 



3 

pA 



o 

O 

> 

-3 


_ 

pA 


Note 1: "Absolute Maximum Ratings" are those values beyond which the safety of the device cannot be guaranteed. Except for "Operating 
Temperature Range" they are not meant to imply that the devices should be operated at these limits. The table of "Electrical Characteristics" 
provides conditions for actual device operation. 

Note 2: All voltages measured with respect to GND unless otherwise specified. 

Note 3; Non-linearity error is the maximum deviation from a straight line through the end points of the A/D transfer characteristic, (Figure 2), 
Note 4: Zero error is the difference between the output of an Ideal and the actual A/D for zero input voltage, (Figure 2}. 

Note 5: Full-scale error is the difference between the output of an ideal and the actual A/D for full-scale input voltage, (Figure 2). 

Note 6: Total unadjusted error is the maximum sum of non-linearity, zero and full-scale errors, (Figure 3). 

Note 7: Quantization error is the t1/2 LSB uncertainty caused bv the converter's finite resolution, (Figure 3). 

Note 8: Absolute Accuracy describes the difference between the actual input voltage and the full-scale weighted equivalent of the binary output 
code; included are quantizing and all other errors. Although rarely provided on data sheets, it is the best indication of a converter's true perfor¬ 
mance, (Figure 3/. 

Note 9: Supply rejection relates to the ability of an ADC to maintain accuracy as the supply voltage varies. The supply and Vrep(+) are varied 
together and the change in accuracy is measured-with respect to full-scale. 

Note 10: Comparator input current is a bias current into or out of the chopper stabilized comparator. The bias current varies directly with clock 
frequency and has little temperature dependence, (Figure S). 
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DC Electrical Characteristics (Continued) 
ANALOG MULTIPLEXER 

ADC0816, ADC0817 -40°C < Ta < +85°C unless otherwise noted 


PARAMETER 

CONDITIONS 

MIN 

TYP 

MAX 

UNITS 

Ron 

Analog Multiplexer ON 

(Any Selected Channel) 






Resistance 

Ta = 25°C, Rl= 10k 


1.5 

3 

kO. 






6 

kn 

ARON 

A ON Resistance Between Any 

(Any Selected Channel) 


75 


Q 


2 Channels 

RL=l0k 





I0FF{+) 

OFF Channel Leakage Current 

Vcc=5V, V|n = 5V, 

Ta = 25°C 


10 

200 

nA 

lOFF(-) 

OFF Channel Leakage Current 

VcC= 5V, V|(g “ 0, 

-200 

-10 


nA 



Ta = 25°C i 






CONVERTER SECTION Vcc = = 5V, Vref(-) = GND, V||vj = VcoMPARATOR IN. = 640 kHz 

ADC0816CCN —40‘’C < Ta <+85°C unless otherwise noted 


PARAMETER 

CONDITIONS 

MIN 

TYP 

MAX 

UNITS 

Resolution 


8 



Bits 

Non-Linearity 

(Note 3) 


±1/4 

±1/2 

LSB 

Zero Error 

(Note 4) 


±1/4 

±1/2 

LSB 

Full-Scale Error 

(Note 5) 


±1/4 

±1/2 

LSB 

Total Unadjusted Error 

Ta = 25° C 


±1/4 

±1/2 

LSB 


(Note 6) 


±1/4 

±3/4 

LSB 

Quantization Error 

(Note 7) 



±1/2 

LSB 

Absolute Accuracy 

Ta = 25° C 


±3/4 

±1 

LSB 


(Note 8) 

_ 

±3/4 

±1 1/4 

LSB 

ADC0817CCN Ta = 25°C 

PARAMETER 

CONDITIONS 

MIN 

TYP 

MAX 

UNITS 

Resolution 


8 



Bits 

Non-Linearity 

(Notes) 


±1/2 

±1 

LSB 

Zero Error 

(Note 4) 


±1/4 

±1/2 

LSB 

Full-Scale Error 

(Note 5) 


±1/4 

±1/2 

LSB 

Total Unadjusted Error 

(Note 6) 


±1/2 

±1 

LSB 

Quantization Error 

(Note 7) 



±1/2 

LSB 

Absolute Accuracy 

(Note 8) 


±1 

±1 1/2 

LSB 


ADC0816CCN -40°C<Ta<+85°C 
ADC0817CCN Ta = 25'’C 


PARAMETER 

CONDITIONS 

MIN 

TYP 

MAX 

UNITS 

Power Supply Rejection 

4.75V < Vcc = VreF(+) < 5.25V, 
(Note 9) 


0.05 

0.15 

%/V 

Comparator Input Current 

fc = 640kHz, (Note 10) 

-2 

±0.5 

2 

pA 

Ladder Resistance 

From Ref(+) to Ref(—) 

1 

4.5 


kfi 
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DC Electrical Characteristics (Conttnued) 


DESIGN GUIDELINES 
ADC0816CCN. AOC0817CCN 


PARAMETER 

CONDITIONS 

MIN 

TYP 

MAX 

UNITS 

Vlad voltage Across Ladder 

From Ref(+) to Ref(—) 

0.512 

5.12 

5.25 

■1 

VreF(+) Voltage, Top of Ladder 

Measured at Ref(+) 


Vcc 

VcC+0-^ 


Vref(+) + vref(-) 

Measured at RlaDDER^^ 

^^-0 1 

Vcc 

^+0 1 

HI 

2 

2 

2 

2 


VreF(-) Voltage, Bottom of Ladder 

Measured at Ref(-) 

-0.1 

0 

1 

V 


AC Electrical Characteristics 

ADC0816CCN, ADC0817CCN Ta = 25° C, Vcc = VreF(+) = 5V, VreF(-J = GNO 


PARAMETER 

CONDITIONS 

MIN 

TYP 

MAX 

UNITS 

tws 

Start Pulse Width 

(Figure 5} 

200 

100 


ns 

tWALE 

Minimum ALE Pulse 

Width 

(Figure 5f 

200 

100 


ns 

ts 

Address Set-Up Time 

(Figure 5* 

50 

25 


ns 

tH 

Address Hold Time 

(Figure 5) 

50 

25 


ns 

tD 

Analog MUX Delay Time 

Common Tied to Comparator In, 


1 

2.5 

fii 


From ALE 

Rs + Ron < 5 kJ2, Cl = io pF 





tHI.tHO 

TRI-STATE Control 
to Q Logic State 

Cl = 50 pF 

1 


125 

250 

ns 

tlH- tOH 

TRI-STATE Control 

to Hl-Z 

Cl= lOpF, Rl= 10k 


125 

250 

1 

ns 

tc 

Conversion Time 

kHz. (Figures) 

90 

1 

100 

114 

fis 

fc 

Clock Frequency 


10 ; 

640 1 

1200 ; 

kHz 

tEOC 

EOC Delay Time 

(Figures) 

1 ; 


8 

Clock 







Periods 

C|N 

Input Capacitance 

At Control Inputs 

1 

10 

IS 

pF 



At MUX Inputs 


5 

7.5 

PF 

COUT 

TRI-STATE Output 

At TRI-STATE Outputs, 


5 

7.5 

pF 


Capacitance 

(Note 11) 






Note 11: Capacitance guaranteed by periodic testing. 
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Functional Description 


Multiplexer: The device contains a 16-channel single- 
ended analog signal multiplexer. A particular input 
channel is selected by using the address decoder. Table I 
shows the input states for the address line and the 
expansion control line to select any channel. The address 
is latched into the decoder on the low-to-high transition 
of the address latch enable signal. 

Additional single-ended analog signals can be multiplexed 
to the A/D converter by disabling all the multiplexer 
inputs. The additional external signals are connected to 
the comparator input and the device ground, Additional 
signal conditioning (i.e,, prescaling, sample and hold, 
instrumentation amplification, etc.) may also be added 
between the analog input signal and the comparator 
input. 

TABLE I 



CONVERTER CHARACTERISTICS 
The Converter 

The heart of this single chip data acquisition system is its 
8-bit analog-to-digital converter. The converter is designed 
to give fast, accurate, and repeatable conversions over a 
wide range of temperatures. The converter is partitioned 
into 3 major sections: the 256R ladder network, the 
successive approximation register, and the comparator. 
The converter's digital outputs are positive true. 

The 256R ladder network approach (Figure f) was 
chosen over the conventional R/2R ladder because of its 
inherent monotonicity, which guarantees no missing 
digital codes. Monotonicity is particularly important in 
closed loop feedback control systems. A non-monotonic 
relationship can cause oscillations that will be catastro¬ 
phic for the system. Additionally, the 256R network 
does not cause toad variations on the reference voltage. 

The bottom resistor and the top resistor of the ladder 
network in Figure 1 are not the same value as the 
remainder of the network. The difference in these 
resistors causes the output characteristic to be symmetri¬ 
cal with the zero and full-scale points of the transfer 
curve. The first output transition occurs when the 
analog signal has reached +1/2 LSB and succeeding out¬ 
put transitions occur every 1 LSB later up to full-scale. 

The successive approximation register (SAR) performs 
8 iterations to approximate the input voltage. For any 
SAR type converter, n-iterations are required for an 
n-bit converter. Figure 2 shows a typical example of a 
3-bit converter. In the ADC0816, AOC0817, the approx¬ 
imation technique is extended to 8 bits using the 256R 
network. 


X = don’t care 
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Functional Description (Continued) 


The A/D converter's successive approxirnation register 
(SAR) is reset on the positive edge of the start conver¬ 
sion (SC) pulse- The conversion is begun on the falling 
edge of the start conversion pulse. A conversion in 
process will be interrupted by receipt of a new start 
conversion pulse. Continuous conversion may be accom¬ 
plished by tying the end-of-conversion (HOC) output to 
the SC input. If used in this mode, an external start 
conversion pulse should be applied after power up. 
End-of-conversion will go low between 1 and 8 clock 
pulses after the rising edge of start conversion. 


The most important section of the A/D converter is the 
comparator. It is this section which is responsible for the 
ultimate accuracy of the entire converter. It is also the 
comparator drift which has the greatest influence on the 


repeatability of the device. A chopper-stabilized com¬ 
parator provides the most effective method of satisfying 
all the converter requirements. 

The chopper-stabilized comparator converts the DC 
input signal into an AC signal. This signal is then fed 
through a high gain AC amplifier and has the DC level 
restored. This technique limits the drift component of 
the amplifier since the drift is a DC component which is 
not passed by the AC amplifier. This makes the entire 
A/D converter extremely insensitive to temperature, 
long term drift and input offset errors. 

Figure 4 shows a typical error curve for the ADC0816 as 
measured using the procedures outlined in AN-179. 
The characteristic is generated with the analog input 
signal applied to the comparator input. 




IDEAL 3-aiT CONVERTER 


FIGURE 2. 3-Bit A/D Transfer Curve 


FIGURE 3. 3-Bit A/D Absolute Accuracy Curve 


Connection Diagram 


FIGURE 4. Typical Error Curve 
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Applications Information 

OPERATION 


Ratiometric Conversion 

The ADCD816, ADC0817 is designed as a complete 
Data Acquisition System (DAS) for ratiometric conver¬ 
sion systems. In ratiometric systems, the physical 
variable being measured is expressed as a percentage of 
full-scale which is not necessarily related to an absolute 
standard. The voltage input to the ADC0816 is expressed 
by the equation 


V|N ^ DX 
Vfs - Vz Dmax - Dmin 

V|M = Input voltage into the ADC0816 
Vfs = Full-scale voltage 
Vz = Zero voltage 
□ x = Data point being-measured 
Dmax " Maximum data limit 
Dmin = Minimum data limit 


(T) 


A good example of a ratiometric transducer is a poten¬ 
tiometer used as a position sensor. The position of the 
wiper is directly proportional to the output voltage 
which is a ratio of the full-scale voltage across it. Since 
the data is represented as a proportion of full-scale, 
reference requirements are greatly reduced, eliminating 
a large source of error and cost for many applications. 
A major advantage of the ADC0816. ADC0817 is that 
the input voltage range is equal to the supply range so 
the transducers can be connected directly across the 
supply and their outputs connected directly into the 
multiplexer inputs, (Figure 8h 


Ratiometric transducers such as potentiometers, strain 
gauges, thermistor bridges, pressure transducers, etc., are 
suitable for measuring proportional relationships; how¬ 
ever, many types of measurements must be referred to 
an absolute standard such as voltage or current. This' 
means a system reference must be used which relates 
the full-scale voltage to the standard volt. For example, 
if Vcc = Vref * 5.12V, then the full-«:ale range is 
divided into 256 standard steps. The smallest standard 
step is 1 LS6 which is then 20 mV. 


Resistor Ladder Limitations 


The voltages from the resistor ladder are compared to 
the selected input 8 times in a conversion. These voltages 
are coupled to the comparator via an analog switch tree 
which is referenced to the supply. The voltages at the 
top, center and bottom of the ladder must be controlled 
to maintain proper operation. 

The top of the ladder, Ref{-^), should not be more posi¬ 
tive than the supply, and the bottom of the ladder 
Ref(—I should not be more negative than ground. The 
center of the ladder voltage must also be near the 
center of the supply because the analog switch tree 
changes from N-channel switches to P-channel switches. 


These limitations are automatically satisfied in ratio- 
metric systems and can be easily met in ground refer¬ 
enced systems. 

Figure 9 shows a ground referenced system with a 
separate supply and reference. In this system, the supply 
must be trimmed to match the reference voltage. For 
instance, if a 5.12V reference is used, the supply should 
be adjusted to the same voltage within 0.1V. 

The ADC0816 needs less than a milliamp of supply 
current so developing the supply from the reference is 
re.adily accomplished. In Figure 10 a ground referenced 
system is shown which generates the supply from the 
reference. The buffer shown can be an op amp of suffi¬ 
cient drive to supply the milliamp of supply current 
and the desired bus drive, or if a capacitive bus is driven 
by the outputs a large capacitor will supply the transient 
supply current as seen in Figure 11, The LM301 is 
overcompensated to insure stability when loaded by the 
lOjiiF output capacitor. 

The top and bottom ladder voltages cannot exceed 
Vcc and ground, respectively, but they can be sym¬ 
metrically less than Vcc and greater than ground. The 
center of the ladder voltage should always be near the 
center of the supply. The sensitivity of the converter 
can be increased, {i.e., size of the LSB steps decreased) 
by using a symmetrical reference system. In Figure 12, 
a 2.5V reference is symmetrically centered about Vcc/2 
since the same current flows in Identical resistors. This 
system with a 2.5V reference allows the LSB bit to be 
half the size of a 5V reference system. 

Converter Equations 

The transition between adjacent codes N and N + 1 
is given by : 


V,N-VREFw[5^*^JtVTUE 

The center of an output code N is given by: 

VlN= VreFW f-^l ±VtuE 


The output code N for an arbitrary input are the integers 
within the range: 

V|N 

fsi =- X 256 lAbsolute Accuracy (4) 

Vrefw 

where; V|N = Voltage at comparator input 
VreF(+) = Voltage at Ref(+) 

vref{-) = gnd 

VtUE * Total unadjusted error voltageltypically 
VreF(+)/512) 


{ 2 } 


(3) 
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Applications Information (Continued) 




4.75V < Vcc = Vref < 5.25V 


4.75V < Vcc = Vref < 5-25V 


*Ratiometric transducers 


FIGURE 8. Ratiometric Conversion System 


FIGURE 9. Ground Referenced 
Conversion System Using Trimmed Supply 




Vref 

4.75V < Vcc = Vref < 5.25V 


FIGURE 10. Ground Referenced Conversion System with FIGURE 11. Typical Reference and Supply Circuit 

Reference Generating Vqq Supply 



Ra = Rb 

* Ratiometric transducers 

FIGURE 12. Symmetrically Centered Refeience 
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Typical Application 


IclK. THISMTE‘“'l 

''REf(+) 

EOC 

''HIFi-J 


START 

2 2 
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2-3 

A 

2-« 

2-5 

B 

2-S 

C 

2-7 

EXPAND 

2-8 

vcc 

INIS 

GNO 

• 

COMMON OUT 

COMPARATOR 

• 

• 

IN 

INO 


Address latches needed for 8085 and SC/MP interfacing the ADC0816 to a microprocessor 


MICROPROCESSOR INTERFACE TABLE 


PROCESSOR 

READ 

WRITE 

INTERRUPT (COMMENT) 

8080 

MEMR 

MEMW 

INTR (Thru RST Circuit! 

8085 

flD 


INTR (Thru RST Circuit) 

Z-80 

RO 

WR 

iNT (Thru RST Circuit. Mode 0) 

SC/MP 

NRDS 

NWDS 

SA (Thru Sense A) 

6800 

VMA -02 • R/W 

1 VMA '02 ■ r7w 

FrOA or mOB (Thru PIA) 


Physical Dimensions inches (millimeters) 



1?1W 


Molded Oual-ln-Line Package (N) 
Order Number ADC0816CCN 
or ADC0817CCN 
NS Package Number N40A 


National Semiconductor Corporation 

2900 Semiconductor Drive, Santa Clara, California 9S051, (408) 737-&00Q/TWX (9t0) 339,9240 

National Semiconductor GmbH 

808 Fueralenfeldbruck, Industriestrasse 10. Weal Germany, Tele. (08141) 137t/Tale* 05-27649 

National Semiconductor (UK) Ltd. 

LarMield industrial Estate, Greanocit, Scotland, Tela. (0475) 3325t/Telex 778-632 
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THE BLACKSBURG GROUP 


According to Business Week magazine (Technology July 6. 1976) large scale integrated circuits or LSI 
“chips” are creating a second industrial revolution that will quickly involve us all. The speed of the 
developments irfthis area is breathtaking and it becomes more and more difficult to keep up with the rapid 
advances that are being made. It is also becoming difficult for newcomers to “get on board.” 

it has been our objective, as The Blacksburg Group, to develop timely and effective educational materials 
and aids that will permit students, engineers, scientists and others to quickly learn how to apply new 
technologies to their particular needs. We are doing this through a number of means, textbooks, short 
courses, monthly computer interfacing columns and through the development of educational “hardware” or 
training aids. 

Our group members make their home in Blacksburg, found in the Appalachian Mountains of southwestern 
Virginia. While we didn’t actively start our group collaboration until the Spring of 1974. members of our 
group have been involved in digital electronics, minicomputers and microcomputers for some time. 

Some of our past experiences and on-going efforts include the following: ^ 

-The design and development of the Mark-8 computer, featured in Radio-Electronics magazine in July 
1974. This is generally recognized as the first widely available hobby computer, it was based upon the 8008 
processor chip. Since then we have designed the Micro-Designer (MD-1) and the Mini-Micro Designer (MMD- 
1). This last computer was also featured in Radio-Electronics as the Dyna-micro. 

-The Blacksburg Continuing Education Series'^Mcovers subjects ranging from basic electronics through 
microcomputers, operational amplifiers, and active filters. Text experiments and examples have been pro¬ 
vided in each book. We are strong believers in the use of detailed experiments and examples to reinforce 
3asic concepts. This series originally started as our Bugbook® series and many titles are now being 
;ranslated Into Chinese, Japanese, German and Italian. 

-We have pioneered the use of small, self-contained computers in hands-on courses aimed at microcom¬ 
puter users. Our expanding line of solderless breadboarding modules or OUTBOARDS® make the design 
and testing of circuits much easier than was possible in the past. Our educational hardware is marketed by 
E & L Instruments. Inc.. Derby. CT 06418. USA. 

-Our short course programs have been presented throughout the world. Two series of programs are of¬ 
fered. one through Tychon Incorporated and the other through the Virginia Polytechnic Institute and State 
University Extension Division. Each provides hands-on experiences with digital electronics and microcom¬ 
puter hareware and software. Continuing Education Units (CEUs) are provided. Courses are presented to 
open groups, companies, schools and other groups We are strong believers in hands-on experience in 
these courses, so much time is spent in laboratory sessions. 

-Our monthly column. “Microcomputers Interfacing" appears in four domestic electronic publications as 
neW as in four overseas periodicals, reaching about three-quarters of a million readers. The columns are 
currently being translated into German and Italian. 

Besides our educational activities, our members have also been involved in microcomputer software 
development and scientific instrument automation. 

Mr. David Larsen and Dr. Peter Rony are on the faculty of the Departments of Chemistry and Chemical 
Engineering at Virginia Polytechnic Institute and State University. Mr. Jonathan Titus and Dr. Christopher 
Titus are with Tychon. Inc., all of Blacksburg, Virginia. 


Bucbook and OUTBOARDS are registered trademarks of E & L instruments. Inc., Derby. CT 06418 



MICROCOMPUTER- 

ANALOG CONVERTER 

SOFTWARE & HARDWARE INTERFACING 


This book has been written to introduce the reader to the concepts 
and techniques of interfacing digital computers to analog devices. 
The designs and programs presented in this book are equally appli¬ 
cable to all of the 8080-type microcomputers, including the 8080A, 
8085, Z-80, etc. 


Jonathan A. Titus is the president of Tychon, Incorporated in 
Blacksburg, Virginia. Most of his current work Involves tech¬ 
nical writing and the application of microcomputers for data 
acquisition and control. He has written and coauthored a 
number of articles on computers for both professional and 
popular applications. 

Jon’s first microcomputer experience was with the 8008 and 
his Mark-8 computer was featured as the first widely available 
hobby computer. His Interests now center around the 8080 and 
16-bit microcomputers. 

He has coinstructed courses with the American Chemical Society and now 
works with the Tychon hardware and software course program. 



Dr. Christopher A. Titus is a microcomputer application engi¬ 
neer with Tychon, Incorporated in Blacksburg, Virginia. He 
received his Ph.D. from Virginia Polytechnic Institute while 
working on microcomputer automated chemical instruments. 

He has co-authored a number of Instrumentation articles and 
has had papers presented at major, national engineering and 
science conferences. 

Chris has programmed with the Intel 8008, Intel 8080, and 
also the MOS Technology 6502 microcomputer. He has written 
editor, assembler, disassembler, and debug software as well 
as complete operating systems for microcomputers. He Is also 
programmer and digital designer. 

Dr. Titus has been Instructing In computer and related areas since 1973. His 
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